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ABSTRACT

(U) A program was conducted to investigate and evaluate new and unique designs
of non-regenerative combustion chambers and nozzles using new materials or new
techniques for applying the best materials., The technical effort on this program
was divided into two phases., This is the final report on the program.

(U) The technical activity was pursued in three areas--literature survey,
laboratory materials investigation, and design concept evalustion in rocket motor
tests., The limitation that such parameters as chamber pressure, chemical reaction,
firing duration, multiple starts, thermal shock, and structural requirements
impose are evaluated in several design concepts. Scaling relations, effect of
flow parameter changes on design requirements, and relative ratings on ease of
2 fabrication and reliability of advanced thrust chamber design concepts are
evaluated.

(U) Analysis of information obtained through literature search, contact with
material suppliers, and laboratory testing indicates that materials which will
have the best performance, i.e., lowest reactivity with high temperature fluorniated
propellant combuation products, are essentially carbon base materials~-graphites,
carbides, pyrolyzed composites. Rocket motor tests were conducted using LFQ/
hydrazine blend propellant composition which is equivalent to a theoretical combus-
tion temperature of over TOOOPF to evaluate candidate materials and to demonstrate
design concepts and scaling relations. Eight 100 pound and three 3750 pound thrust
chambers were tested at chamber pressures of 150 and 200 psia. Material and design
concepts included prestressed tantalum carbide, arc cast hypereutectic hafnium
carbide, pyrolyzed compoistes of Carb-I-Tex 700 and PTB, heat sink design of

. pyrolytic graphite, tungsten, high-density graphite, hot-bonded Grafoil, and
Thompsine Tape.

(U) The experimental findings were supplemented with technical and analytical
support in an effort to establish the limitations that the propellant environment
imposes on the selected materlals and design concepts. The erosion or chemical
reaction of liner materials appear to be diffusion controlled in most instances
and a method for prediction of erosion based upon surface temperature and chamber
pressure is reported. Conclusions and recommendations for further work are offered.
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SECTION I

INTRODUCTION

(U) Rocket propulsion needed for space craft, ballistic missiles, and air-
launched missiles of the future using advanced propellants requires non-regenera-
tive thrust chambers with improved capabilities with high energy propellants in
at least one of the following areas: higher chamber pressure; longer firing
durations; and multiple restarts, Thus, the development of non-regenerative
thrust chamber concepts which will advance the state-of-the-art in high energy
upper-stage and attitude control systems, and show possible secondary applications
to booster engines and air-launch propulsion systems are of interest. Concur-
rently, low cost, low weight, reliability, reproducibility, and decreased devel-
opment time are factors which must be emphasized in considering future applications
of new thrust chamber concepts.

(U) Research in the area of high temperature, non-corrosive, and thermal
shock resistance has resulted in several promising materials which may enable
thrust chambers to fulfill the aforementioned chsracteristies. It has been
recognized from past experience, however, that analysis alone cannot resolve all
the problems that occur in rocket chamber applications. Thus, it is relevant to
investigate and evaluate materials which offer the greatest potential for un=-
cooled thrust chambers by experimental means as well.

(U) This program was conducted to investigate and evaluate materials and de-
sign concepts for non-regenerative thrust chambers with improved capabilities
for use with liquid fluorine oxidizer and hydrazine blend propellant systems for
the Air Force Rocket Propulsion Laboratory, Edwards, California, This program
was & 23 months effort completed in May 1967.

(U) The technical program was divided into two phases. Phase I was devoted
to material evaluation and screening through design analysis, laboratory bench
tests, and subscale rocket motor tests. The limitations that such parameters as
chamber pressure, chemical reaction, firing duration, pulsing, and thermal shock
impose on the thrust chamber material integrity and design concept were sought in
this phase. During Phase II, the findings of Phase I supplemented by technical
analysis were incorporated into the design, fabrication, and test evaluation of two
full scale thrust chambers. A third full scale thrust chamber was designed to
evaluate a new engineering.materiali,

(U) This report is the final report and presents the results of the program
activities. The results of the total program are presented and discussed in terms
of actual and predicted performance, Relative ratings on ease of fabrication and
reliability of advanced design concepts are presented and discussed. Recommenda-
tion for further investigation are offered,

(U) Appended to this report is the Material and Process, Research and Devel-
opment Report. This report describes the details of the literature survey, lab-
oratory investigation,and the application of & unique ablative compos:.te material.
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SECTION II

SUMMARY

(U) A program has been conducted to investigate and evaluate new and uniuge
designs of non-regenerative combustion chambers and nozzles using new materials
or new techniques for applying the best materials. The technical effort on this
program is divided into two phases. This report presents the results of the teche
nical activities.

(U) The Phase I activities were designed to provide & systematic plan to
accomplish the aforementioned objective. Specifically, the development of candi-
date materials and design concepts leading toward improved performance capabili-
ties, the definition of operaticnal limitations, the evaluation of thrust chambers
and design concepts in a liquid fluorine/hydrazine blend propellant exhaust envir-
onment, and the analytical correlation of material performance and predicted be-
havior with test data are goals,

(U) During Phase I, technical activity was pursued in three areas--litera-
ture survey, laboratory materials investigation, and design concept evaluation,
The literature survey provided the basis for subsequent investigations., Screening
and evaluation of several advanced materials was accomplished both in laboratory
bench tests and in subscale thrust chamber tests. The experimental findings were
supplemented with technical and analytical support in an effort to establish the
limitations that the propellant environment imposes on selected materials and
pvassively cooled thrust chamber concepts.

(U) A comprehensive performence history was conducted. Approximately 90
reports and articles were reviewed in search for applicable data. The results
of the survey implied several conclusions;

A. Analysis of the information indicates fairly conclusively that the
materials which will have the best performance, i.e., lowest reac-
tivity with the high temperature combustion products of fluorine
propellants, are the essentially carbon base materials--the graphites,
carbides, and pyrolyzed composites. This is true when the contents
of the combustion gases are low iu oxidizing species.

B. There is some theoretical information, and some meager tes: data,
indicating that certain carbides--specifically TaC--mey have supers
ior resistance to HF reaction at very high temperatures, above
2500°9K (58LOOF) wall temperature.

C. The oxides do not appear promising because of reaction with HF to form
either gaseous or liquid metal fluorides.

D. The refractory metals do not appear to offer any advaatage over graphe-
ites in an environment dominated by fluorine reactions, However,
vhere oxidizing species exist, or predominate, tungsten (as do the
oxides) shows an improved performance capability.

(U) A laboratory materials screening program was designed to evaluate candi-
date materials with reference to their ability to resist attack by eaviroaments
of hydrogen fluoride, the predominant specie in the combustion gases of the pro-
pellants under consideration. Two separate studies were conducted to determine
the relative reactivity of various materials under consideration.

(U) A series of laboratory beuch tor... *ests involving hydrogen-fluoride
mixtures were performed on materials of interest for the prestressed nozzle

3
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design. This design concept required critical components of materials other than
that of & throat insert (such as a prestressing ring) which might be subjected to
exhaust gases.

(U) A more extensive laboratory materials screening program was also conducted
to evaluate candidate throat and chamber liner materials with reference to their
ability to resist attack by hydrogen fluroide environments. Three different test
conditions were examined in this series of tests--reaction of specimens with hydro-
gen fluoride in a static environment, reaction of specimens with hydrogen fluoride
in a dynamic environment, and reaction of specimens with hydrogen fluoride plus a
0.1% valume of air to simulate the relative percentage of oxygen in the propellant
exhaust specie. All tests were conducted with heated specimens.

(U) The results of the laboratory investigation indicated the graphite base
materials had the lowest reaction rate. Carb-I-Tex 700, a prepyrolyzed graphite
composite produced by Basic Carbon Corporation, showed no material loss at about
4400°F in hydrogen fluoride. Tantalum carbide ranked somewhat lower, as expected,
since specimen temperatures were below 5500°F. Tungsten demonstrated favorable

performance in the laboratory investigation, and, as & result, was selected for
subscale thrust chamber evaluation.

(U) The subscale thrust chamber evaluation program was planned to systematic-
ally test several throat insert materials. A total of eight units were designed,
fabricated, and tested for an accumulated duration in excess of 1100 seconds on
all units. Throat materials tested included:

A. Tantalum Carbide

B. Hypereutectic Hafnium Carbide
C. Carb-I-Tex TOO

D. Pyrolytic Graphite

E. Tungsten with 2% thoria

F. PIB (prepyrolyzed graphite composite, National Carbon
Corporation)

G. Hot-Bond Grafoil (anisotropic graphite, High Temperature
Materials Incorporated)

H. High Density CGW Graphite (National Carbon Corporation)

Chamber liner materials included carbon cloth phenolic, CGW graphite, CarbeI-
Tex TOO, pyrolytic graphite, and FI'B,

(U) Thrust chambers were designed employing simple heat barrier or heat

sink concepts. The pyrolytic graphite throat insert employed conically oriented .
"a-b" planes and was designed to take advantage of the inhereant high conductive

ity of the material. A heat sink was provided in the chamber region. A .
prestressed throat insert design copncept was utilized for the tantalwn carbide ’

throat insert to circumvent the thermal shock characteristics of the material.




(U) Test results revealed that the graphite base and carbide material demon-
strated the lowest total erosion. An analytical correlation of test date elimin-
ating the variability of the test conditions was used to rank the materials. This
ranking was comparable to that determined in the laboratory except that tungsten
also demonstrated low reactivity potential with HF due to the low laboratory test
temperatures., In the subscale tests, tungsten reacted readily with the propellant
environment.

(U) As a result of the Phase I technical activity and the state-of-the-art
for design and fabrication of the several material and design concepts examined,
Carb-I-Tex 700 was selected as & throat inseri material based upon its good per-
formance and design simplicity. A heat sink design concept employing pyrolytic
graphite was utilized for the second full scale thrust design.

(U) In keeping with the major objective of material and design performance,
the third full scale unit was constructed using Thompsine Tape,l 8 TRW developed
mgterial, in a portion of the chamber and in the throat region. Thompsine Tape
is a unique ablstive material which provides better end-product performance in
ablative structures. The uniqueness of this material lies primarily in the
elimination of the need for interface bond lines between the exposed material
(gas side) and the insulative material (shell side). This is done by mechani-
cally weaving the two materials together prior to resin impregnation and cure,
The two sections are thus an integral part upon curing giving a much stronger
interlaminar integrity. Secondary advantages, which are built into the tape
weave, permit attainability of high diametral wrap ratios. Although an abla-
tive Thompsine Tape structure is not recommended as a candidate throat material
in a high pressure fluorine environment, tests on this unit were designed to
provide the necessary date to evaluate the unique characteristics of this
material.

(U) Full scale unit S/N 1 contained a Carb-I-Tex 700 throat insert with
conventional carbon cloth-phenolic chamber and exit cone liner. Total test
time on unit S/N 1 was 373 seconds end was comprised of four pulses--1], 61,
100, and 201 seconds, respectively. The chamber liner, which was 0.625 inches
thick, was almost completely consumed and indications of separation and loss of
the liner at the liner-insulator interface were evident at a few locations.
Inspection between pulses indicated normal erosion with no chunking or spalling
evident. Diametral erosion of the Carb-I-Tex 700 throat insert amounted to 0.686
inches over the total time. During the 11, 61, and 100 second pulses, only .009
inches of accumulated erosion was measured, with the remaining 0.677 inches
occu;ring during the 201 second pulse (probably after 100 seconds of elapsed
time).

(U) Full scale unit S/N 2 contained an oriented plane pyrolytic graphite
throat insert in a design concept intended to "heat sink" the throat. The throat
insert support and uft half of the chamber were CGW graphite. Total test time
on unit S/N 2 vas approximately 358 seconds and was comprised of 6 pulses--

9, 39, 60, 72, 150, and 28 seconds respectively. Total throat erosion during
the last three pulses was approximately 0.050 inches. .Again, the majority of
the erosion occurred during the longer pulse durations. .The chamber section
(CGW graphite) remained intact and eroded a minor amount.

&
TRW has applied for a patent on this material.
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(U) Full scale unit S/N 3, which was the all ablative chamber containing
Thompsine Tgpe, was tested for a total duration of 206 seconds. Test run dura-
tions consisted of several pulses up to 20 seconds in length and one 55 second
test. Erosion of the ablative throat was comparable to that of other ablative
concepts. For test pulses up to 20 seconds in duration, throat area change was
less than 3%. For the 55 second pulse, throat area change was approximately 20%.
The Thompsine Tape was constructed with graphite and quartz for gas side and in-
sulative materials respectively. The advantages of Thompsine Tape &s an en-
gineering material were demonstrated. It was shown that Thompsine Type can be
fabricated in thicknesses and at diameters not possible with conventional bias
tape construction and that complete dissimilar interface integrity can be main-
tained in the charred condition.

(U) As a result of this program, pyrolytic graphite and Carb-I-Tex TOO have
demonstrated satisfactory performance as throat insert materials in a rocket motor
operating environment of a LF?/Naﬂh blend propellant system with & chamber
pressure of 100 to 200 psia. The advantages of Thompsine Tape as an engineering
material have veen demonstrated. Future work is recommended to extend the state-
of-the-art of the several material and design concepts examined including pyro-
lyzed Thompsine Tupe and composite reinforced carbide structures.

e R S R SR A ST PR S R LA B




o TSR
A

R TR

SECTION III
TECHNICAL APPROACH

(U) The program encompasses a material and design concept investigation
for non-regenerative thrust chambers with improved capabilities for operation
in liquid fluorine oxidizer and hydrazine blend fuel propellant systems. The
technical program was divided into two phases. Phase I was devoted to material
eveluation and screening through laboratory bench tests and subscale rocket
motor tests. During Phase II, the findings of Phase I supplemented by technical
analysis were incorporated into the design, fabricetion, and post firing evalua-
tion of three full scale thrust chambers.

(U) In this section, objectives of the total program are presented. The
plan to accomplish these objectives is presented and discussed.

1. OBJECTIVE

(U) The major objective of the program was to investigate and evaluate new
and unique designs of uncooled combustion chambers and nozzles using new*materials
or new techniques for applying the best materials. Design concepts were limited
to those materials or composites which involve passive responsiveness such as

heat barrier, radiation, heat sink, or ablative techniques. Specific objectives
were to:

A. Develop candidate materials and design concepts aimed toward im-
proved performence capabilities.

B. Define operational limitations in terms of size, weight, chamber
pressure, firing duration, restart capabilities, surface tempera-
ture, vacuum and near vacuum conditions, compatibility of materials
with specified propellant combination, and structural requirements.

C. Evaluation of thrust chambers in the exhaust environmeats of the
liquid rocket propellant LFp/NoH, blend.

D. Obtain scaling relations and effect of flow parameter changes on
design requirements.

BE. Obtain test data for concept evaluation and analytical correla-
tion of materials performance and predicted behavior.

F., Obtain relative ratings on ease of fabrication and reliability of
advanced nozzle design concepts.

2. PHASE I PLAN

(U) The Phase I activities were designed to provide a systematic plan to
accomplish the aforementioned objectives. Specifically the development of can-
didate materials and design concepts )eading toward improved performance capa-~
bilities, the definition of operational limitations, the evaluation of thrust
chambers and design concepta in the required exhaust eavironment, and the analy-
tical correlation of material performance and predicted behavior with test data
were goals. Lo

(U) During Phase I, technical activity wvas pursued in three areas--literature
survey, laboratory materials investigation, and design concept evaluation. The
following presents the approach used in each of thast areas.
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a. Literature Survey

.
%
;

(U) A comprehensive literature survey was conducted early in the program

to serve as a basis for all subsequent work. The objective of this survey was

to review and evaluate available information and to select promising materials
: that apply to passively cooled combustion chamber and nozzle components. Ince-
¢ formation was screened relative to use with LFp/NpH4 blend propellants; however,
consideraticn was given to potential use of Compound A oxidizer and LHp fuel.
The survey considered the .following factors: material performance in the
specified propellant environments, thrust level, chamber pressure range, mixture
5 ratio, structural size and weight, specific impulse, firing duration, performance
b degradation with time, vacuum operation, and cooling concept employed.

N T Y e

b. Material Investigation

(U) A laboratory materials screening program was conducted to evaluate
candidate materials which suggested & high probability of being successfully
applied to advanced design concepts. Since hydrogen fluoride is the predominate
reactive specie in the specified propeliant combustion gases, laboratory bench
tests were designed to provide a low cost material screening under carefully
controlled conditions. Materials were ranked according to resistance to hydro-
gen fluoride attack at elevated material temperatures. Thermal shock resistance
was also examined and some strength data obtained.

c. Design Concept Evaluation

(U) The subscale thrust chamber evaluation program was planned to provide
a systematic approach to the acquisition of use™il design information. The
results of the performance history survey were utilized in planning the details
of the technical effort. Although the laboratory materials investigation and
the design concept evaluation were initiated concurrently, they were planned
such that the results of the laboratory investigation could be integrated into
the subscale thrust chamber design evaluation.

(U) Seven tests were initially planned in the subscale test program to
be conducted in three series. These tests were primarily intended to investi-
gate throat iusert materials. The first test series (three subscale thrust
chambers) was designed to determine erosion as a function of temperature and
maximum material operating temperature of the throat insert materials. long
on-time duty cycles were planned for this series of tests. The second test
series (two subscale thrust chambers) were to employ & pulsing duty cyzle to
determine the effect on material performance &nd to evaluate and design con-
figurations. Materials for the second series of tests were to be selected
following evaluation of the first test series and the laboratory analysis.
The last two subscale thrust chambers (third series) were to be desigued to
incorporate the best materials based upon results of tha previous tesi..ng.
The first six thrust chamber tests were to be conducted at a chamber pressure
of 150 psia, wvhile the last would be conducted at 200 psia chamber pressure.
Nominal thrust level for all tests was 100 pounds.
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(U) During the execution of the laboratory materials investigation task,
gseveral "hard" materials tested were deemed adequate for thrust chamber evu.ua-
tion due both to their relatively lov reactivity with hydrogen fluoride and their
ability to be easily formed. As a result, the design concept evaluation approach
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was altered to consider both the throat insert and the effect which different
thrust chamber liner materials might have on total performance. In order to
accommodate more materials, the number of thrust chambers tested was increased
to eight. Thus, the subscale thrust chamber design evaluation program considered
six units designed for 150 psia chamber pressure anc¢ two units designed for 200
psia chamber pressure. Eight different throst insert materials were evaluated
and five different chamber materials.

3. PHASE IT PLAN

(U) In terms of the original program, the Phase II plan was to incorporate
the results of the Phase I investigations in design, fabrication, and post
firing evaluation of three full size (3750 pound thrust) chambers. The first
two units were to utilize the best materials and design concepts from Phase I.
The third full size unit was to incorporate the best material and design concept
from the previous two full size units with design improvements dictated by test
evaluation,

(U) In keeping with the major objective of material and design performance
evaluation, TRW recommended that the third full scale be constructed from a TRW
developed material called Thompsine Tape. The objective of this unit was to
provide information relative to the performance of & non-conventional weave pattern,
to demonstrate improved dissimilar meterial interface integirty between exposed
(gas side) and insulative ablative materials, and to provide additional information
on the performance of ablative materials in the propellant environment. As a
result the first two full scale units utilized the best materials and design
concepts from Phase I, and the third full scale unit incorporated Thompsine Tape.




SECTION IV

MATERIALS SURVEY
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(U) Early in the program an extensive materials survey was conducted to
evaluate the characteristics of promising materials for application to thrust
chamber design in a fluorinated propellant system. Three primary areas of concern
for thrust chamber liner and throat materials exposed to the extreme environment
2 of the LFp/NoH) blend propellant system are (a) melting or softening due to ex-

e posure to the extremely high temperatures of the propellant gases, (b) corrosion
i or erosion losses due to chemical reaction or mechanicel impingement by the com-
% bustion products, and (c) cracking due to thermally induced stresses during
firing.
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(U) Chemical reaction problems complement those associated with surface
softening due to the exponential increase in reactivity rates with increasing
temperatures and pressures. As & result, severe degradation in nozzle perfor-
mance can occur as & result of chemical reaction of the throat liner material
with the propeliant combustion products. The reactions become more critical as
the component temperatures and system gas pressures are increased. This factor
of high temperature chemical reactivity undoubtedly poses the major problem in
selecting a suitable nozzle throat liner design capable of satisfactory perfor-
mance for the specified firing times and pressures.
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(U) The results of the literature materials survey and laboratory materials
screening program are presented in this section. Details are included in the a
appendix of this .report. %
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1. PERFORMANCE HISTORY

(U) A comprehensive review of materials was made relative to the combina-

. tion of high combustion gas temperature and chemical reactivity potential which
exists in a luquid fluorine/hydrazine blend propellant system. The following
is a summarization of information obtained from various reports of the work per-
formed with materials exposed to the influence of high tempereture, reactive
rocket, engine gases containing fluorine. The information was selected to closely
apply to the conditions which would exiet with hardware produced in support of
this program. The results also incorporate applicable information obtained
through contacts with materials suppliers.
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a. Carbides
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? : (U) Carbides appear to have a high resistance to high temperature fluorine
environments. There is som: infcrmation, however, that graphite materials have.
a superior reaction resistant for wall temperatures below S5840°F. This informa-
tion is based on the reaction potential with HF, ‘the predominant specie in the
combustion gases of LF2/NoHL blend propellants.

et v

o o gt P A g

(U) Test results of the carbides of tantalum, titanium, silicon, eirconium,

i bafnium and columbium were reported. Of these data, tantalum carbide appeared

. to perform the best. The major limitation in the application of carbide materials
¥ is the inherent brittleness and sensitivity to thermal shock cracking.

-4
4
4

5_ . b. Oraphites

(U) Graphite appears to give good performance in fluorine atmospheres.
Test results of several graphites indicated edge-oriented pyrolytic graphite
Yields superior performance in short duration tests. These test suggested that

ﬁg.
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erosion is directly proporticnal to the pressure at the throat and that chemical
corrosion is the major mechanism for removing material from the throat surface.

(U) Test results of alloys made from pyrolytic graphite and several carbides
vere not successful because of the low melting temperatures of the carbide--
graphite composites tested.

c. Oxides

(U) oxides are generally resistant to propellant environments containing
oxidizing and fluorine specie for short test times. H.owever, at higher tempera-
tures, the oxides react with HF to form either gaseous or liquid metal fluorides.
Two major disadvantages are their extreme thermal shock sensitivity and their
relatively low melting points (below 6000°F). Based on either maximum useful
temperature or chemical reactivity with fluorine compounds, there appears to be
no advantage for at least some of the oxides over either graphite or carbides.

d. Pyrolyzed and Ablative Composites

(U) Little information was available in the industry on the performance
of pyrolyzed and ablative materials in the corrosive environment of fluorine/
hydragzine exhaust. There was some experimental data which demonstrated the sta-
bility of both carbon and graphite materials, and the instability of high silica
materials., Improved performance was reported for ablative structures of carbon
phenolic materials which were pyrolyzed prior to propellant testing.

e. Refractory Metals

(U) From the standpoint of thermal shock resistance and fabricability,
the refractory metals are very acceptablie as rocket nozzle materials. However,
the high flame temperatures encountered with fluorine base propellants would
limit the use to only short duration firings becuase of the rclative low melting
temperature of the refractory metals. Tungsten appears to be the most promising
refractory material for this envirooment. According to thermodynamic calculations,
the reaction resistance of tungsten to HF approaches that of graphite at tempera-
tures very near the melting point of tungsten (6170°F).

2. MATERIALS INVESTIGATION

(U) A laboratory materials screening program vas desiguned to evalua cane
didate materials with reference to their ability to resist attach by eavironments
of hyarogen fluworide. Two separate studies were conducted to determine the
relative reactivity of the materials under consideration. A series of laboratory
torch teats involving hydrogen fluoride mixtures were performed on materials of
intereat. Following this, & more intensive laboratory reactivity screening
program was slso couducted to evaluste seiected throat and chamber liner materials.

(U) In the first set of tests, a n fluoride torch wvas used which
produced an sdisbatic flame tempersture of 8512°F. The samples vere tested after
preheating so that thersal shock would not destroy the specimen. The criteria
used for determining the resistance to the environment was the per cent weight
loss. By using the theoretical density, the loas in volume could be determined.
Table I presents the results of these tests in order of decreasiang resistance to
the environmeut. The test data substantiate the findings of the )iterature sur-
vey and demcnstrate the supsrior behavior of graphite materials.
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Table I (U) Prepellant Exhaust Envircsmeat Test

Material Density# Weight Weight Neight Volume
gu/cnd Before gm Loss gm Loss Loss cmd
ATJ 1.80 2,6461 nil 0 0
CFZ 1,90 2,9180 0,004 N 0.01 0.,0021
PG 2,2 3.3650 0,019 °~ 0,56 0,0086
W 19,3 25,9003 0,190 0.73 0.0098
TaC 14,37 21,2939 0.160 0.75 0.0111
b vA| 10.15 12,9617 0,114 0.88 0,0112
ZrC 6.78 9.97T7 0.111 1.11 0.0163
Ta 16,6 23,6965 0.277 1.50 0.0166
(carburised)
HfC + C 10,0 21,5643 0,307 1.42 00,0307
(arc cast)
Ta « 10 W 16.6 22,2682 0,552 2.48 0,0328
(carburiged)
rS 85 10,8 14,4328 0,372 2,58 0.0344
Ta 16,8 32,0227 0,742 3.37 0,0448
Ta = 10W 16,8 23,3236 0,798 3.40 0,047%
Unchqiﬂod

® Densitiss are published walues.
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(U) In the second set of tests, the specimens were heated to & high tempera=
ture (approximately 4500°F) in a stagnant atmosphere of hydrogen fluoride and
were held at these temperatures for varying periods of time. The degree of reac-
tivity was determined by measuring the diameter change of the specimens with pin-
tip mocrometers., The materials selected for these tests are presented in Table
IT and the results of these tests are recorded in Fghle IIT.

g e

(U) The results of the second series of reactivity tests indicate that the
graphite base Carb-I-Tex 700 material exhibited the greatest resistance to attack
by HF at temperatures up to 4200OF. Wrought tungsten also showed moderately good
resistance to attach at temperatures as high as 4LSO0CF. Tantalum carbide ranked
somevhat lower, as expected, since specimen temperatureswere pelow 5500°F. Addi=-
tions of 0.1% air, volume of air to simulate the relative percentage of oxygen
in the propellant exhaust specie, and the use of an impinging gas stream did not
significantly alter the results obtained with the static HF environment.
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Table III (U) Summary of PReactivity Test Results with HF

Dia. Change
Material Test Temperature,’F Test Time,Min, 10-3 inches

Carb-I-Tex 700 4240 3 0
Carb-I-Tex 700 4200 3 0
W 4000 3 -2.1
W 4520 3 «2.2
" 4420 3 ’2.3
W 4520 3 2.5
PG 4000 3 -2.8
W 4500 6 -3.2
TaC 4480 3 4,2
1r0y 4500 3 -5.0
CGW 4200 3 «5.5
HfC 4500 3 «5,5
Carb-I-Tex 100 3400 3 -6,0%
Carbon Cloth 4000 3 +1.8 to
Phenolic 5.0

#» Loss occurred only in one direction, normal to the plies,
producing an elliptical cross-section,
Unclassified
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SECTION V

SUBSCALE THRUST CHAMBER CONCEPT EVALUATION

(U) The subscale thrust chamber evaluation program wes planned to permit
& logical persuance of specific design information. Eight thrust chambers
vere designed, fabricated, and tested. The details of the thrust chamber con-
cept evaluation are discussed in this sectionm.

1. DESIGN

g (U) The design requirements for subscale thrust chambers were specified

é' to be compatible with the full scale design requirements of this program ex-

¢ cept for si.e and duration. Materials were selected based upon the results of
£ the performance history survey and the laboratory materials evaluation. Each
- thrust chamber was then designed to accommodate the requirements and material
constraints. In most areas, simple shapes were employed to minimize cost of
fabrication since primary efiort was to evaluate liner materials. Insulation
and steel shells were conservatively designed for potential reuse.

&. Requirements

; (U) The design requirements for the subscale thrust chamber evaluation
were specified by the Air Force Rocket Propulsion Iaboratory. The propellant
combination and operating goals were as follows:

L

e R U PR TP )
L]

: A. Propellants LFo/NoH) blend (Weight percent:
66.7 NoHy, 24.0 MMH, 9.3 Hp0)

B. Thrust 100 pounds
5 C. Chamber Pressure 200 psia (exhaust to l4.7 psia)
i D. Mixture Ratio 1.8 (design for 2.0)
% E. Performance 96% theoretical specific impulse (min.)
&
§ F. Duration 600 cumulative seconds at rated thrust
5 with the option of up to 30 restarts
i at any time during the 600 second

duration

(U) The duration specified sbove was a full scale requirement. The sub-
scale tests were not designed for the total duration. However, the test sequence
was planned to examine the stringent requirements of full scale testing which
require sustained burns and a pulsing duty cycle.

. (U) The performance properties were calculated at mixture ratios of 1.8

¢ and 2.0 using & TRW computer program. Theoretical performance calculatious for

L the stated propellant combination at a chamber pressure of 200 psia and O/F
ratios of 1.8 and 2.0 were made and the results of analysis are presented in

{ - Tables IV through VII. Variations in characteristic velocity und combustion
& temperature as a function of mixture ratio and chamber pressure are presented
O in Figures 1 through 3. The theoretical specific impulse is presented in

(U) For a chamber pressure of 200 psia at a mixture ratio of 2.0 and this
propellant system, a throat area of 0.393 square inches in a nogtle exhausting

17
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Mixture Ratio ' 1.8 2,0 Notes
Theoretical
Flame y 4130 °K ‘ 4229 %k
Temperature
Theoretical :
Specific 293 sec 295 sec 1
Impulse
c* 6966 £t/sec 6988 £t/sec 1
C
P .
(Calculated o o
assuming shiftin 0.154 Kcal/100 gms K 0.173 Kcal/100 gns K 2

TABLE IV (U) Combustion Characteristics

equilibrium flow

c
P
(Calculated
assuming frozen 0,0458 Kcal/100 gms 0.0445 Kcal/100 gms
equilibrium flow)
Gas Viscosity 7143 x 10~7 gn/cm-sec 7322 x 107 gn/cm-sec
Gas Conductivity 2926 x 10~ cal/cm-sec-°K 2836 x 10™ cal/cm-sec-°K
Unclassified
Notes:
1. Calculated assuming shifting equilibrium flow,
2, Calculated at chamber conditionms.
. -10 1/2 70+6
3, Calculated using empirical relation: AL = 8322 x 107 (M.W.) L. T
vhere (M.W.) Ave 18 the average molecular weight of the combustion products
the chamber, T is the temperature in degrees Rankine, and the viscosity is
expressed in gm/cm-sec,
4, Calculated using empirical relation: k = -1—45- R - W
where R is the universal gas constant, and the condué¥§vity is expressed in
cal/gm-sec-"K,
5 Chamber conditions: Pc = 200 psis, P‘ = 13.2 psia where I’c is the chamber

pressure and Pa is tlre atmospheric pressure,

-
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TABLE V (U) Principle Constituents of Gases in Combustion Chamber

Constituent

c
CN
co

=

H
HF
H,0

HCN

NHt

NO

cF
OH

1,25372 x 10~

T = 4130 °K
MR, = 1.8

1.81141 x 10°°

4.30634 x 10~°

3.32063 x 10~2

3.96858 x 102

1.29197 x 10

1

5.48911 x 102

5,76808 x 10™*

2,91401 x 10~
2,01206 x 10”4
3,09360 x 10~*
6.92976 x 10™°
1,68822 x 10"}
1,40119 x 10°°

5.41021 x 1070

19

T = 4229 °K
M.R. = 2.0

Mole Fraction

2.50497 x 10™°

4.62020 x 10~2

3.1679% x 10~2

6.53810 x 10~2

1.64615 x 10~

1.17064 x 10T

3.48120 x 102

5.88610 x 10"+

1.97960 x 10™°
1.45531 x 1072

4.21011 x 107
5

1

6.77099 x 10~
1.61115 x 10

1.79121-x 10~°

7.95111 x 1070

1.45838 x 10~

4.33796 x 107>
Unclassified
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t g TABLE VI (U) Principle Constituents of Gases in Throat g
B T = 3870 K T = 3985 °K ;
1 M.,R, = 1,8 M.R, = 2,0
: Constituent Mole Fraction g
c 1.04519 x 10”5 1.58937 x 107 ‘
£ |
oN 3,64750 x 10~ 4.01847 x 10”4 §
t co 3.38437 x 1072 3.23278 x 107 f,
3 1
F 2.60825 x 1072 4.81766 x 107 i
FON 1.0377 x 1070 1.38422 x 10™ i
! H 1.08727 x 107 1.02800 x 10”1 §1
H, 5,80675 x 1072 3.44316 x 107
f HF 6.00647 x 1071 6.17233 x 10°! ¥
? Ha0 1,72748 x 10°° 1.08898 x 10™° :

i

E HCN 2,12426 x 1074 1.45314 x 107
‘ |

E N 1,602579 x 1074 2,41379 x 107
i
; NH 3.75975 x 1070 3.80904 x 10°° )
: N, 1,71755 x 10°% 1.64077 x 1071 f
i
' 0 196714 x 1070 3.27867 x 107
' oR 1.88813 x 10°° 1,96111 x 10”0 ¢
Unclassified §
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Constituent

CN
Co

HF
HCN

T = 2913 °K
}‘r.Ro = 1'8

1.46110 x 10~%

3,56627 x 10™2

1.67643 x 10~

3.70666 x 10”2

8.67724 x 10™2

6.57475 x 10~%

4.24016 x 1074

1.80761 x 1071

TABLE VII (U) Principle Constituents of Cases in Exit Cone

T = 3070 °K
M.R, = 2,0

Mole Fraction

2,39104 x 1073

3.41972 x 10°2

5,25541 x 1073

4.37823 x 1072

4.58523 x 10™2

6.97018 x 1071

3.01421 x 10~

1.73328 x 1071

Unclassified
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to an ambient pressure of 4.7 psia (TRW test facility pressure), will give -
a thrust of about 100 pounds. For design configurations tested at a chamber

pressure of 150 psia, the throet area is 0.524 square inches. For thest calcu- -
lations, the C* efficiency is sssumed to be 96 percent. )

(U) Knowing the throat diameter, exhaust gas characteristics, chamber
pressure, and characteristic velocity; the heat transfer coefficient was cal-
culated by the simplified Bartz equation. Also, by assuming & recovery factor
of 0.9 with a C* efficienty of 96 percent, the adiabatic wall temperature is
conservatively calculated as a function of area ratio. These results are shown
in Figure 5.

b. Material Selection

(U) Results of the literature search indicated that the meterials which
would have the greatest resistance at high temperatures to attack by hydrogen
fluoride, the primsry combustion product constituent of the propellants under
consideration, were graphite base materials, selected carbides~--such as TaC--
and tungsten. These predictions from the literature were confirmed by torch
and static reactivity chamber tests utilizing hydrogen fluoride &s the reactant.

{U) Based on the results of the laboratory testing of the various candi-
date materials to determine their relative resistance to high temperature re-
action by hydrogen fiuoride and information obtained from the literature con-
cerning the performance of materials in fluorine-rich environments, materials
for the subscale nozzle throat inserts and combustion chamber liners were
selected. Table VIII lists the liner materials selected for the eight subscale
units, as well as the material sources and fabrication methods employed.

(U) The all-graphite pyrolyzed plastic Carb-I-Tex 700, pyrolytic graphite, .
CGW molded monolithic graphite, hot bonded grafoil (PG foil), and reimpregnated
pyrolyzed plastic grade PTE (Pr-0145) were selected to represent graphitic ma-
terials in various physical conditions produced by different processing tech-
niques. All of these materials were completely graphitic, with the exception
of the PTB (PT-0l45). This material had an all-graphite base which was sub-
sequently impregnated with a resin to develop a partially ablative material.

(U) In order to provide a free-stending carbide throat insert with adequate
thermal shock resistance, an arc-cast hypereutectic carbide material was selec-
ted. The insert was produced from a hypereutectic HfC - graphite material,
since this material has one of the highest eutectic melting temperatures for a
single carbide (next to TaC-C) and had been successfully produced and tested
under severe thermal shock conditions. Hypereutectic TaC--although of higher
melting temperature, and theoretically good resistance to very high temperature
HPF reaction--was not selected because of technical limitations existing at
the time with facilities for producing the carbides. The high vapor pressure
of carbon at the extremely high melting temperature of the TaC-C eutectic re-
quired pressurized furnace eguipment (not available at the time) in order to
prevent carbon "boil" or loss in the system.

(U) Opportunity for testing an essentially stoichiometric tantalum car-
bide throat insert was provided through the use of a prestressing approach de-
veloped by TRW Systems Group. The finished throat insert was febricated from *
a pre-form of hot pressed tantalum carbide powder.
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TABLE VIIl (U) Subscale Thrust Chamber Materials and Sources

Sabscale Liner
Jait /N Location Material Fabricated Conditions Source
i Chamber Carbon Cloth Rein- Molded and cured TRN
forced Phenolic
Plastic
Throat  TaC (Pre-stressed) Hot pressed TRN Syctems
2 Chamber CGW Graphite Molded monolithic Union Carbide
Throat Hypereutectic HfC Arc melted and cast Battelle
3 Chamber Carb-i-Tex 700 All-graphite, pyrolyzed Carborundum
(Carbor Prod.
Division)
Throat Carb=-I-Tex 700 All-graphite, pyrolyzed Carborundum
(Carbon Prod,
Divigion)
4 Chamber Pyrolytic Graphite Pyrolytically deposited Pyrogenics
Throat Pyrolytic Graphite Pyrolytically deposited Pyrogenics
5 Chamber CGW Graphite Molded monolithic Union Carbide
Throat Tungsten-2% ‘l‘hoz Isostatic powder pressed GE extrudea
and sintered, extruded TRN forged
and forged
6 Chamber PTB (PT-0145) All-graphite~pyrolyzed ; Union Carbide
resin impregnated
Throat PTB (PT-0145) All-graphite-pyrolyszed; Union Carbide
resin impregnated
7 Chamber CGW Molded monolithic Union Carbide
Throat Hot Bonded Graphite Hot pressed PG foil Union Carbide
(HT™)
8 Chamber (GW Graphite Molded monolithic Union Carbide
Throat CGW Graphite Molded monolithic Union Carbide

Unclsasified
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(U) Tungsten, with 2% thoria addition, was selected for throat insert
evaluation as a result of its good performance in the high temperature hydro-
gen fluoride laboratory environmental tests. The addition of 2% ThQ provides
several performance improvements, such as--higher elevated temperature
strength, much higher recrystallization temperature, markedly greater resis-
tance to gain growth at very high temperatures, and improved machinability.

At elevated temperatures (above 4S00CF), there is & significant improvement

in strength. Also the recrystallization of tungsten is retarded with ThOp
addition, resulting in & smaller grain size when recrystallization does
finally occur. During another TRW program, tungsten was evaluated in a cyclic
heating condition. A "germinaticn effect" in unalloyed tungsten was observed
during which cyclic heating and cooling under restraint caused a blow-up

of’ the grains to a very large size., The addition of ThOp resulted in nc grain
blow-up. Although there is no data to indicate that one grain condition is
definitely better thaa the other, it is generally conceaed that a finer grain
structure is more desirable in any refractory metal structure.

(U) Table IX lists aveilable physical properties of the various materials
gselected for the subscale nozzle assemblies. Properties such as thermal con-
ductivity, specific heat, and density are required to permit thermal analyses
for predicting liner material temperatures and designing for proper support
materials of adequate section thickness. In addition to these properties--
material strength, modulus of elasticity, and thermal coefficient of expansion
are necessary for stress analyses to predict insert performance (uader stress)
throughout a firing c¢ycle, and thus permit development of proper insert de-
signs. For certain materials and designs, accurate and reliable property data
is more necessary. For example, materials of very high thermal conductivity
(or very low, depending ipon material &nd orientation; i.e.: pyrolytic graphite)
can present critical design problems. High conductivities in the radial direc-
tion (perpendicular to nozzle axis) require characteristics in the support
materials, such as--higher temperature capability, increased section thickness,
end/or lower thermal conductivity. Conversely, lower thermal corductivity in
ke liner waterials (radially) can mean excessive surface temperatures with con-
sequent higher material loss rates due to high temperature reaction.

(U) For the prest.ressed design, accurate data for physical properites such
as thermal coefficient of expansion, thermal conductivity, modulus oI elasti-
city and strength were required to eestablish the proper stress balauce bLetween
the throat insert and its supporting components at all times during a8 complete
thermal cycle.

{U) In instances where throat inserts were designed with adequate ramp
suppert angles for retention, and the insert material propertiscs do not differ
greatly from those of other supporting materials used ina nozzle constructicn,
accurate knowledge of physical properties and their variation with temperature
is not critical. Also, some properties--such as density, and Poissoun's Ratio--
do not change significently with temperature, so that knowledge of room tempersa.
ture values is frequently sufficient. Indications of the variations and the
relative reliability (estimated values where experimental data is not avuilable)
of the various physical pruperties for the materials utilized in the chamber
and nozzle throat arsas are indicated in Table IX.
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¢. Design Analysis

(U) The basic design employed in all subscale thrust chambers was & heat
sink concept. The basic configuration is presented in Figure 6. The injector
and thrust stand mounting flange are shown.

(U) The thrust chamber internal dimeusions are sized for two chamber
pressures 150 and 200 psia. The throat diameters are 0.817 and 0.707 inches
respectively, The throat radius of curvature was approximately equal to the
throat diameter. The nozzle convergence and divergence half angles are shown.
The chamber diameter and length were sized based upon injector and performance
considerations.

(U) Each of the eight thrust chamber designs fabricated is presented in
Figure 7 through 1l4. Thermocouple location and designation is indicated in
each figure. Materials designated by number in these figures are presented in
Table X. Units S/N 1 through S/N 6 are designed for a chamber pressure of
150 psia. Units S/N 7 and 8 are designed for 200 psia chamber pressure.

(U) Units S/N 1 and 2 (see Figures 7 and 8) employed a chamber extension
between the injector and thrust chamber. This section was added to the first
two units tested to examine the affect on combustion performance of an incresased
chamber volume. Since it appeared that there was & negligible effect on com-
bustion performance, the shortened chamber was used for all subsequent tests
(see Figure 6).

(U) As presented previously, the basic intent of the subscale thrust cham-
ber eveluation program was to examine liner material performance in rocket motor
firings. For this reason, and for cost effectiveness, simple cylindrical or
conical shapes were utilized where possible. The basic design for each unit
employed a relatively simple heat sink design approach. Thus, the liner materials
wvere designed to be installed in a conservatively sized insulator. The insula-
tion, in each case, was silica phenolic, or a silica phenolic and carbon or graph-
ite phenolic composite as required. Silica phenolic was utilized where it was
assured that insulation temperatures would not exceed 3000°F, the approximate
melting temperature of silica. Where in3ulation temperatures were predicted
to exceed the melting temperature of silica, carbon of graphite phenolic insula-
tion was provided.

(U) The steel shell was a cylindrical-shaped structure with bolted end plates
at each end. The relatively simple design permitted the t hrust chamber assem-
blies to be easily installed into the reugable steel. The heavy walled coastruc-
tion permitted thermocouple packing glands to be threaded into the wall.

(U) with the simplified design approach, & minimum of analysis was required
for each design. These analyses are discussed subsequently. In most cases, only
heat transfer analyses were performed to predict the insulation temperatures
and the liner surface temperatures. Where excessive thermal expansion was
predicted, expansion gaps were provided. Thermocouples were provided at selected
locations to check the predictions. In the design of units S/N 1 and 4, analyses
were more detailed because of heat sink design and structural considerations.

(1) Subscale Chamber S/N 1

(U) Subscale chamber S/N 1 incorporates & prestressed throat insert con-
figuration. Prestressing expands the list of candidate materials to include
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g‘ not only those materials which are chemically attractive but also those that may i
% be thermal shock sensitive., During t': design analysis, four basic physical

throat configurations were considered %o determine the optimum design.

(U) Composite wall material combinations which were most promising in-
cluded TaC, W, Ta - 1OW, carbon, silica phenolic; and TaC, Ta - 1OW SGS, Ta -
- 1OW, carbon, silica phenolic. However, the latter combination could not be con-
| : sidered in the final analyses because the SGS (stabilized grain size) grade

E Ta ~ 10W could not be procured in time to meet the delivery schedule of the
insert,

(U) Heat transfer and stress analyses were performed for the four cases
at the throat. The heat transfer analyses were performed utilizing a TRW
Systems computer program. This program is a transient conduction program capable
& of evaluating the temperature profiles in up to six integral components of
different materials. Both cylindrical and flat plate geometries may be handled.
Temperature dependent thermal properti=sz (specific heat and thermal conductiv-
ity) are considered. Arbitrary heating conditions, including both radiation and
convection, may be considered in both boundaries.

Y At A

(U) The prestressing siress analyses were performed using a TRW Systems

Py nevly developed computer program. The analysis was initiated in company ¥

i sponsored investigations and later defined and programmed under Contract AF !
3 & 33(615)-1662, "Thermal Shock Characteristics of Refractory Materials." The

§ stress analysis is described in detail in Air Force Report No. AFML-TR-65-363. -

(U) Briefly, the stress program computes the stresses and strains induced
in long hollow cylinders and thin hollow discs by arbitrary radial temperature -
7 gradients. Plastic as well as elastic materials behavior can be included, and
the materials may be anisotropic in the r,éa, and z directions (ecylindrical
coordinate system). All of the materials properties may be temperatcure depend-
ent. Internal and external pressures can be accommodated, and end forces or the
axial stresses or strains can be specified in several different ways. The
program will also handle two concentric eylinders of different materials. The
latter features are utilized in computing the stresses of the prestressed insert
and its prestressing elements.

(U) The design of the prestressed insert assembly is shown in Figure 7.
With this configuration, three different throat assembly materials are exposed
to the exhaust stream in locations representing three widely varying exhaust
environments. A brief discussior is given in the following for justification
of material selections and functional component requirements.

(U) Tantalun carbide was originally propcsed for the throat insert and
subseyuently justified as a potential insert candidate based on its reactivity
behavior. None of the other meterials evaluated, which possessed superior
corrosion resistance, would seem to warrant the attention of prestressing at
this stage of development.

R e TG TR T g

(U) Graphite, tungsten, tantalum, and other alloys have melting tempera- R
tures and strengths of the right order for usc as prestressing elements (rings). -
Other cousiderations being comparable, tungsten was chosen in this application
because it was the only material readily available in the proper size.

NS
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(U) The function of the axial insert retainer is to keep the TaC insert
from moving forward along the contour of the tungsten prestressing ring. The
parts are held together by the threaded joint as shown. Item 13 (Figure 7),
the TZM axial insert retainer, which is held by the tapered section on the
back side of Item 12, the prestressing ring.

(U) The threaded joint restricts the selection of retainer materials to
only several refractory metals which can be threaded and have sufficent
strength and ductility to insure mechanical integrity of the threads. The
greatest restriction is imposed on Item 13 (Figure T7) which is exposed to
the exhaust stream.

(U) The intermediate back-up material between the prestressed insert
and silica phenolic liner is carbon brick. The insulative characteristics of
this material make it suitable for use in this application to limit the I,D.
surface temperature of the silica phenolic to 3000°F for firing durations up
to 300 seconds.

(U) The temperature distributions for times up to 300 seconds are given
in Figure 15. These data were obtained from & one-dimensionsl heat transfer
analysis performed at the plane of minimum throat diameter. Figure 16 shows
the circumferential stresses which occur at the inner and outer surface of the
TaC insert. These stresses were calculated at the plane of minimum throat
diameter, assuming the conditions of plane stress. The subscripts a and b
represent the locations noted at the top of Figure 15. Three different geo-
metric constraints are included for comparison to demonstrate the magnitude of
reduction is stress gained by prestressing. g andJ}, represent the circum-
ferential stresses at radii r ¢ a (compression) aad r = b (tension) when the
TaC insert is not prestressed. W4 (p) 8nd ¥ ( 2are the resulting stresses
vhen prestressing occurs from only tﬁe differeng al thermal expansion between
the TaC insert and the tungsten prestressing ring. <T; 0 5, and
Q; Sp 0.0005) represent the same stresses when an initigf ra&?gg znterference
of 0.0005 inches is used.

(U) From Figure 16, it is seen that the maximum stresses occur between
1 and 5 seconds after engine start-up. Without prestressing, the maximum ten-
sile hcop stress (¥3) is 146 psi at 1.5 seconds which decreases rapidly to
approximately 40 ks? at 20 seconds. With prestressing, the meximum tensile hoop
stress V? 0 5 is reduced to approximately 30 psi at 1.5 seconds. At times
greater tgan égogegonda, the influence of prestreseing on the stresses in the
TaC insert is very slight. Fortunately by this time, the large thermal gradient
and resulting thermal stresses have decreased to levels where prestressing is
not required.

(U) At longer times, the problem is to avoid plastic flow in the prestress=
ing ring rather than o reduce tensile hoop stresses in the TaC. In Figure 16,
T (p 0.0005) denotes the tensile hoop stresses on the back sidz of the tung-
sten ring. Plastic flow starts to occur at about 5 seconds with a plastic com-
ponent of strain of approximately 0.08 perceut. Flow continues to occur during
the remainder of the firing to a maximum plestic strain of approximately O.4
percent.

(U) As a consequence of the plastic deformation in the prestressing ring,

the part does not return to its original configuration after cool down, and
therefore, may nol be fired a seccad time with any assurance of success.
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(U) In the preliminary analyses, Ta - 10W SGS was considered for the pre-
[ stressing ring. At the time noted above when tungsten begins to flow, the
f ; Ta -~ 1CW had expanded away fromthe TaC and plastic flow did not occur. Thus,
L ; multiple firings could have been performed with this design. !

i . (U) In the thermal stress analysis, the TaC is treated elastically since

| mechanical property data (stress - strain behavior) over the appropriate tem-

: perature range were not available., As it was, modulus of elasticity versus
temperature had to be extrapolated from data at room temperature, For this
reason, it was possible that the stresses in both the TaC and W would be less

7 than predicted,which would increase the probability of & successful firing.

3 The lack of property data for TaC was undoubtedly responsible for the greatest

uncertainty in the thermal stress calculations.

f ! (U) Both the elastic and plastic stress-strain behavior of the tungsten
were considered in the thermal stress calculation of the insert. The property
data used were taken from the literature and are shown in Figures 17 and 18.
By accounting for the plastic behavior of tungsten in the thermal stress analy-
sis, it was possible to predict the time during firing when plastic deformation

of the prestressing ring would occur.

(U) carbon cloth phenolic tape oriented 45° to the chamber centerline was
used as the chamber liner. Insulation was silica phenolic.

(U) In view of the assumptions which were necessary in performing the
thermal stress analyses and the uncertainties in fabricating perfectly mating
parts (TaC/W), for the curved back design, it was decided that the insert be
fired in a simplified duty cycle. Hopefully, answers to some of the questiouns
vhich cannot be predicted by the analysis would come from the results of the
post firing analysis of the insert. Thus it was desired to maintain the thermal
history in firing as uncomplicated as possible. The single pulse firing dura-
tion of 100 seconds was planned. .

T BT L e

R T M Y T

(2) Subscale Chamber S/N 2

(u) unit s/N 2, (shown in Figure 8) has a throat insert of hypereutectic
hafnium carbide (0.375 in. thick) backed up by National Carbon ATJ Graphite
(0.5 in. thick) and insulated with carbon phenolic and silica phenolic. Car-
bon phenolic was employed where insulation temperatures were expected to exceed
3000°F. Silica phenolic was used elsevhere. The chamber consists of National
Carbon CGW graphite, insulated by carbon and silica phenolic., The predicted
temperature distribution is presented in Figure 19 for this configuration at the
throat location. A maximum duration of 175 seconds was determined to be accept-
able (the planned test pulse duration). Predicted interface temperatures and char
propagation in the insulation was sufficiently low that no structural difficul-

ties were predicted.

R g g e

(U) Temperature variations were calculated for this and subsequest designs
using & TRW One-Dimensional Heat Transfer Program. This program has compiled in
it a series of unique abilities. All heat transfer equations have been derived
in cylindrical coordinates to permit investigation of circular sections varying .
in diameter from a fraction of inch to several feet in dlamefer. Temperature -
dependent thermal propert.ies such as specific heat, density, and thermal con-
ductivity have heen incorporated for both materials of construction and propel-

lant gases.
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(3) Subscale Chamber S/N 3

(U) The throat insert and chamber liner for unit S/N 3 were made from
Carb-I-Tex 700 (see Figure 9). In the throat region, ply orientation was per=
pendicular to the nozzle centerline. In the chamber region, the planes of
the Carb-I-Tex T0O were oriented 90° to that of the throat insert such that
each plane is parallel to the chamber centerline.

(U) The predicted temperature history for the Carb-I-Tex 700 insert config-
uration at the throat location is shown in Figure 20. High inside surface tem-
peratures were predicted for the 175 second firing pulse. Predicted interface
temperatures and char propagation in the insulators is sufficiently low so that
no structural difficulties were anticipated.

(4) Subscale Chamber S/N 4

(U) The configuration of subscale thrust chamber S/N 4 is shown in Figure
10. 1In this configuration, & pyrolytic graphite throat insert design was
employed which utilized the anisotropic properties of the material to keep the
throat surface temperature low. The a-b planes (planes of high thermal con-
ductivity) are parallel to the throat inlet ramp. The chamber was lined with
graphite to provide the heat sink for the throat insert. This configuration
permits a much larger heat sink for a given thrust chamber envelope that one
in which the more conventionsl graphite washers are employed in the throat re-
gion. The throat insert employed for this configuration was fabricated from
bulk pyrclytic graphite. This material is a massive oriented pyrolytic gra-
phite which can be fabricated in special shapes with thickness to radius ratios
greater than 0.5. A thin-walled pyrolytic graphite tube (wall thickness ap-
proximately 0.040 inches) with the a-b planes perallel to the axis was employed
to insulate the graphite heat sink from the combustion gases in the chamber.

(U) A one-dimensional heat transfer analysis was conducted for each station
shown in Figure 10. The results of the analyses are presented in Figure 21
and 22, The heat eink analysis of the throat insert is shown in Figure 21. For
this analysis, it was assumed that heat is conducted only in the direction showan
in Pigure 10 (Station A). As is shown, it is possible to keep the throat sure
face temperature below 5800°F for approximately 150 seconds of elapaed firing
time. As discussed previously at wall temperature below approximately S5900°F,
graphite appears to be more resistant to HF than many of the other refractory

naterials. The laboratory tests conducted firing this program have also indicated

low HF reactivity with graphite. Thus, a heat sink design councept which would
utilize a graphite material in the throat region and keep the throat surface
tempperature low is of interest for low erosion.

(U) Figure 22 presents a radial heat transfer analysis at Station B. This
analysis was conducted to examine the insulating capabilities of the pyrolytic
tube in the chamber. This analysis indicates that only a .8mall amount of heat
will be transferred to the chamber heat sink through the chamber wall.

(U) Although an exact prediction of temperature map for the design pre-
sented in Figure 10 is not possible by onc-dimensional heat transfer analysis
techniques, an order of magnitude was indicated. Siacc only a small amount of
heat is transferred to the graphite heat sink through the chamber walls, it
should provide a good heat sink for the pyrolytic graphite throat insert. The
maximum temperature of the heat sink after a 175 firing pulse was expected to
remain below 3700°F for the configuration shown.
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(U) A detailed stress analysis was performed at Station B (see Figure 16)
to assure that stresses dvue to differential thermal expansion would nould not cause
failure of the pyrolytic graphite sleeve. The TRW thermal elastic stress analy-
8is computer program was used for the stress calculation. The maximum tempera-
ture gradient across the pyrolytic graphite sleeve was used for this calcula-
tion. The maximum temperature gradient was predicted to occur at approximately
10 seconds of elapsed firing time as shown in Figure 22. A maximum hoop com-
pressive stress of approximately 24,000 psi was predicted by the elastic analy-
sis at the inner surface of the pyrolytic graphite sleeve. This computed
stress is greater than the allowable compressive stress for pyrolytic graphite
in the a-b direction, (approximately 10,000 psi at 5000°F)., However, the in-
ner-surface will be hot and ductile such that a material plastic flow will
occur which will reduce the actual stress values below those computed on an
elastic basis. These stresses computed on & plastic basis permit safe opera-
tion. All other values predicted by the elastic analysis (which is conserva-
tive) were well below the allowable stress for each material.

(U) The stability of the pyrolytic graphite sleeve was also investigated.
A critical collapse (buckling) pressure of 460 psi was calculated at the maxi-
mum temperature gradient. The actual collapse pressure predicted by the ther-
mal elastic stress analysis was 339 psi which is below the critical value.
Again this is conservative, since the plastic yielding of the pyrolytic gra-
phite sleeve at the inner surface will reduce the actual collapse pressure below
that predicted by the thermal elastic analysis.

(5) Subscale Chamber S/N 5

(U) The configuration for subscale thrust chamber S/N 5 is presented in
Figure 1ll. The throat insert material selected was tungsten with a 2% ThOp
addition.

(U) A heat transfer analysis was conducted for the composite wall at
the throat (see Station A, Figure 1ll). The results of the computation (150
psi, O/F - 2.0, steady state burst) are shown in Figure 23, Two different
heat sink materials were used for the tungsten throat support in the computa-
tions. The first of these was bulk graphite (National Carbon CGW or ATJ);
and the second pyrolytic graphite with a-b planes radial. With reference to
Figure 23, it is apparent that their is no significant difference in expected
surface temperature when using either material in this radial thickness range.
The predicted tungsten insert temferature at times greater than 100 seconds is
in excess of 5800°F (curve 1 and 4, and 2 and 5).

(U) The remainder of the cross section computation yields temperatures at
the carbon-silica interface of TUOPF at 175 seconds with the steel remaining
at ambient temperatures (70°F). The carbon-phenolic will be almost completely
charred unde:r this condition.

(6) Subscale Chamber S/N 6

(U) Subscale thrust chamber S/N 6 incorporated National Carbon PTB pre-
pyrolyzed graphite phenolic for the chamber and throat liner as shown in
Pigure 12. Carbon cloth phenolic, plies oriented 45 degrees to the chamber
centerline, and graphite cloth phenolic were used as support materials in the
throat and chamber regions respectively. 8ilica phenolic insulation was used
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between the support materials and the steel shell. The results of a heat trans-
fer analysis conducted at the throst location is presented in Figure 2k.

(7) Subscale Chamber S/N 7

(U) Unit S/N 7 was designed for a chamber pressure of 200 psia (see Figure
13). For this unit, & hot-bonded Grafoil tape structure fabricated by High
Temperature Materials was used for the throat insert. Ply orientation, or a-b
direction, was redial. High density graphite was employed for the chamber liner,
The liner materials were supported in a manner similar to that employed in sub=~
scale thrust chamber S/N 6. Heat transfer analysis for the throat locaticn
was conducted and the results are presented in Figure 25.

(8) Subscale Chamber S/N 8

(U) Unit S/N 8 was designed for a chamber pressure of 200 psia to investi-
gate the erosion characteristics of a high density monolithic graphite in the
throat. A one-piece construction employing National Carbon Grade CGW graphite
was used for the chamber and throat regions as shown in Figure 14. A heat
transfer analysis was conducted for the throat location, The results are pre-
sented in Figure 26.

2. FABRICATION

(U) Fabrication of the subscale thrust chambers was accomplished in a
similar menner for most designs. The insulation and, in most cases, the
throat and chamber liner material were machined from & billet of the desired
material which had been fabricated by TRW or supplied by & vendor. The various
machined components were then bonded into an assembly, and the assembly bonded
into the steel shell.

(U) The steel thrust chamber housing was conservatively designed for ease
of fabrication and assembly. The housing consisted of a cylindrical shell with
two end plates. Materials were heat treated 4140 steel for the cylinder and
T-1 steel for the end plates, The steel components were reused during the

progranm.

(V) The silica phenolic insulation in all chambers was designed to provide
an adequate thermal barrier vhile minimizing the cost of fabrication. The for-
vard and rear insulation components were fabricated from MX 2600 silica pheno-
lic broadgoods (Fiberite Corporation). These laminates vere flat pressed per-
pendicular to the billet centerline. The shell insulation was a cylinrdically

vrapped billet of Mt 2600 silica phenolic.

(U) The carbon and graphite phenolic insulation and liners vere fabricated
by two techniques. Fiberite Corporstion's MX 4926 carbon phenolic and MX 2630A
graphite phenolic materials vere used. Insulators which were cylindrically
oriented were tape wrapped and hydroclave cured. Liners and insulation compo-
nents vith ply orientation of 45° and 90° to the chamber centerline were close

die molded.

(U) Folloving machining of the various components, thrust chamber assembly
vas accomplished by bonding the componeats into place. At composite iaterfaces
vhich were conical, or gapped greater than 0.010 inches, Epon 913 (Shell
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Chemical Company) was used. Epon 919 (Shell Chemical Company) was employed

at diametrsl interfaces and for small clearance gaps. Thermocouple holes were
then drilled and the thermocouples installed. Two thermocouple combinations
were used depdening upon the temperature to be measured--Tungsten/Tungsten
26% Rennium, and Chromel/Alumel. In some instances, this assembly procedure
differed when dictated by design requirements.

a. Subscale Chamber S/N 1

(U) A hot pressed tantalum carbide compact was prepared from -325 mesh
powder supplied by Weh-Chang Corporation. Approximately 500 ppm iron powder
was added to the TaC to promote sintering and improve density of the final
compact. After homogenization, the powder was loaded into the cavity of a
2-inch diameter graphite die and induction heated to 2100°C. An initial
pressure of 1500 psi was applied to the die plungers until some compaction
was noted (1400°C). Pressure was then increased to 3000 psi and maintained
for the duration of the operation. Approximately 90 minutes were required to
attain maximum temperature. The compact was held at 2100°C for 30 minutes and
cooled slowly over a period of several hours. Density was 13.66 gms/cc or
about 94.8% of the theoretical density.

(U) Metallographic examination revealed a uniform, isotropic trine-grained
structure. In addition to the 5 volume percent voids, & dispersion of dark
particles, predominantly in the grain boundaries, were evident. This is pre-
sumed to be free carbon which appears to persist in all refractory carbides
despite their stoichicmetric composition.

(U) The insert was machined using diamond grinding and lapping techniques.
Stress relieving was done in vacuum before machining at 2000°C for one hour.

(U) The Ta-10W alloy used for the axial retainer ring was commercial grade
material purchased from the Wah-Chang Corporation. The starting waterial was
3~inches in diameter by l-inch long rod stock. Mschining was performed by
lathe turning using carbide tools.

(U) The starting materiul for the prestressing ring wvas 2-inch diameter
commercially available presscd-sintered-extruded tungsten rod stock (4 to 1
reduction in area). The stock diameter was increased to 24 inches by upset
forging (approximately 504 reduction). Rough machining vas done using diamond
grinding. Stress relieving after rough machining was performed in air at
18500F for 30 minutes. Oxides were removed by soaking in molten sodium

hydroxide.

(U) The axial retainer was machined by lathe turning from wrought stock
(24 inch diameter) purchased from the Climax Molybdenium Company (Climax
Specification CMX-WB-TAB-2). The material was stress relieved at 2350°F for
one hour.

(U) The back-up ring vas msde from Spec: Grede 787 carbon brick. The
part vas fadbricated by turning from a cylindrical billet.

(U) Before final assembly all components of the insert except the back-
up ring vere ultrasonically rinsed in trichloroetnylene, alcohol, and distilled
wvater. ’ *
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(U) The insert and the axial retainer were placed on the prestressing
ring and an axial load of approximately 750 pounds maximum vas applied to the
assembly using & universal testing machine., Axial compressive strain in the
TaC insert was monitored from three SR-4 type strain gages which were mounted
on the I,D, surface of the TaC. The maximum strain observed wes approximately
0.05% at 750 pounds load. The retainer ring was tightened using a band wrench
vhile the load was applied.

(U) The finished prestressed insert is shown in Figure 27. The final
assemlby of the combustion chamber is shown in Figure 28.

b. Subscale Chamber S/N 2

(U) A hypereutectic hafnium carbide throat insert was utilized for the
throat insert. This material was arc cast and molded by Battelle Memorial
Institute into & billet. The billet was subsequently wachined to the finished
dimensions as shown in Figure 29. Several casting flaws existed on the out-
side surface and two shrinkage voids appeared on the inside surface upstream
of the throat.

(U) The chamber liner and throat support were fabricated from National
Carbon CGW and ATJ graphite, respectively. The finisheld assembly, typical for
all subscale units, is shown in Figure 30.

¢. Subscale Chamber S/N 3

(U) The chamber liner and throat insert were fabricated from Carb-I-Tex
700 billets supplied by Basic Carbon (see Figure 31). This material is fabri-
nated from graphite cloth and pyrolyzed to yield a completely graphitic struc-
ture. The details of the process are considered company proprietary hy the
veundor.

d. Subscale Chamber S/N 4

(U) The chamber liner and throat inscrt for unit S/N & vere fabricated by
Pyrogenics Incorporated, using their unique process for orienting the planes
in pyrolytic graphite (Pyroid tradename). The chamber liner was a thin-walled
tube; the throat insert a contoured heavy wall section. These componeats are
shown in Pigure 32. Radiographic inspection of the pyrolytic graphite components
revealed both the throat insert and thin-walled chamber liner to be free of
cross ply cracks. Circumferential delaminations in the throat insert, typical
of pyrolytic graphite vith a high section thickness to diameter ratio, were
visible. The depths and extent of the delaminations were revealed by radio-
graphic inspections performed on the throat insert. These delaminations were
subsequently vacuum impregnated with National Carbon Grade C-9 carbonaceous
cement .

(U) Bational Grade C-9 cement was also used to boud the complete assembly
consisting or the pyrolytic graphite chamber liner backed by CGW graphite, and
the Pyroid throat insert backed with Union Carbide's KJB-B insulating carbon
brick. Following lov temperature curing operations, the complete assembly was
exposed to an 1125°F tempersture (in vacuum) to carbonise the C-9 cement and
thus prevent gasing during the test firing operatious. National Grade C-9
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FIGURE 29 (U) Hypereutectic HfC Throat Insert for Unit SN 2
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cement utilizes a carbon powder as & filler material and a resin as & binding
agent. The graphite assembly was then bonded into the insulation.

e. Subscale Chamber S/N 5

(U) This unit had a tungsten -2% thoria throat insert. The tungsten
material was initially formed from & powder mixture isostatically pressed and
sintered into billet form. The billet was subsequently extruded (3/1 extrusion
ratio), and the extrusion forged with a single blow (25% reduction) to produce
an upset (pancake) forging. The extruded material was supplied by General
Electric and then forged by TRW. Additional work, such as produced by back
extrusion, was considered unnecessary--because of the apready very high as-
sintered density of the 2% thoriated tungsten material prior to extrusion and
upset forging, and the adequacy of thermal shock resistance in the tungsten
material for the size and design of insert produced. The as-forged material
had & density of 18.8 g/cc (approximately 99% of theoretical density). The
forging was subsequently machined (see Figure 33) and the finished insert coated
with 0.008 to 0.012 inches of tungsten-modified thoria to prevent melting reac-
tions between supporting materials and contacting surfaces ~f the tungsten
insert. The chamber liner and throat support were machines from CGW graphite.

f. Subscale Chamber S/N 6

(U) The liner material was National Carbon PTB prepyrolyzed graphite
material (developed under contract AF 33(616)-6915). PTB is fabricated from a
close die molded operation using mascerated carbon fibers and an organic resin.
A billet is first pyrolyzed to form a graphitic structure. The raw billet is
then impregnated and re-pyrolyzed to build up density and the resulting struc-
ture designated PTB (PT-00l4). PIB is formed by reimpregnating PTB with a
high hydrogen yielding resin which begins to out-gas at approximately 200°C;
but with no subsequent pyrolysis. A billet of the material, supplied by
National Carbon, was machined into a one-piece chamber and throat configuration.
The liner and other chamber components are presented in Figure 34.

g. Subscale Chamber S/N 7

(U) A hot-bonded Grafoil tape structure was employed for the throat insert
in this unit. Grafoil tape is a pure, flexible graphite material with highly
directional properties similar to pyrolytic graphite. It is fabricated by
High Temperature Materials, Inc. This unigque material adde the advantage of
flexibility to the thermal insulating properties of the anisotropic graphite,
and, therefore, can be readily used to fabricate complex shapes where heat
transfer control is desired. As in the case of conventional pyrolytic graphite,
the thermal conductivity properties of hot-honded Grafoil are anisotropic, i.e.
lov (insulative) in the "c" direction, and highly conductive in the "a-b"
direction.

(U) Two methods of fabricating the Grafoil structures have been employed
by High Temperature Materials with good success. One structure employs an
adhesively bonded grafoil tape. A throat insert of this type has been pre-
viously tested in fluorine environments with good success.

(U) The hot-bonded Grafoil tape structure has a higher density (1.80 gm/
cc) than the adhesively bonded structure. Fabrication is achieved by stacking
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the Grafoil material to the desired thickness, and hot pressing the structure at
4000 psi and 30000C to form & dense billet, For unit S/N 7, a plane oriented,
hot-bonded billet with the Grafoil plies perpendicular to the throat centerline
was used.

(U) A billet, fabricated by High Temperature Materials, was machined to the
desired configuration. During machining, the chips that were removed had a
"flakey" appearance. However, the structure was sound and a good surface finish
was obtained. A picture of the Grafoil insert installed in the carbon cloth in-
sulation is presented in Figure 35.

h. Subscale Chamber S/N 8

(U) The throat and chamber liner for this unit was a one-piece construc-
tion employing Natiocnal Carbon CGW graphite. Geometric configuration was simi-
lar to that of unit S/N 6 PIB liner insert. For this unit, the silica phenolic
shell insulation of unit S/N 2 was reused. Only minor polishing was required to
remove loose, charred material.

3. TEST PROGRAM

(U) The purpose of the subscale tests was to economically determine which
of the selected materials would complete the required firing cycles. Additional
information which was gained concerned the range of capability of the materials
tested.

(U) TRW experience has indicated that propellant injection is a major factor
in the life of engine materials. Therefore, it was necessary that & proven
injector be employed for tests.

(U) To evaluate over-all rocket engine performance, it was necessary to
measure thrust, propellant flow, chamber pressure, and temperatures. To measure
thrust when the burst is several seconds in duration imposed no difficulty, since
spurious forces due to test stand flexibility and componeant resonance are damped
out, For this measurement, & standard load cell mounted on the engine centerline
proved adequate, Force readout was automatically recorded.

(U) Combustion chamber pressure was measured by means of a pressure tap in
the injector. Specific teste conducted on the SIVB Attitude Control Engines by
TRW indicated no measurable difference in chamber pressure at the injector face
and downstream, just ahead of the throat inlet section. Thus, for this program,
it was assumed that chamber pressure measured at the injector face would be
representative,

(U) Ten thermocouples were employed on each engine to permit plotting a
temperature profile of the unit throughout the tests (eight thermocouples were
used on unit 8/N 8). Recording instruments were operative during the cool-down
portion of the cycle to permit evaluation of heat soak back effects on the
materials employed if required.

a, Facilities

(U) TRW Systems Group, under & company-funded development program, developed
a 100-pound thrust (sea level) single element co-axial injector for the subscale
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test program. The objectives of the program were to demonstrate an operable

injector for use in the evaluation of thrust chamber materials and to complete
and check out the liquid fluorine test stand complex at TRW Systems Capistrano
Test Site in regard to instrumentation and operation procedures. All program 5
objectives were accomplished; however, C* performance was lower than anticipated.

¢ (U) The basic engine hsrdware configuration consisted of a 100 1lb., thrust
7 single element co-axisl injector modified for liquid fluorine service and an

& ablative injector-face plate liner to provide thermal protection for the injec=-
tor. Eugine assembly was effected through a flanged plate. The "hot gas" seal
at the injector-~thrust chamber interface was a tongue-@nd-groove joint with a
silicon rubber O-ring seal at the outside diameter of the tongue-and-groove

joint.

(U) The 100 lb. thrust single element co-axial injector design utilized
was & direct adaptation of the injector element developed by TEW Systems for the
URSA-C-1 Engine (NASA Contract NASB-14019, Propellants: nitrogen tetroxide mixed
hydrazine fuels). A cross section of the 100 lb. thrust liquid fluorine-hydra=-
zine blend injector assembly set-up for oxidizer-center injection is presented
in Figure 36. The liquid fluorine (LF,) enters the injector sleeve through &
drilled passage and flows into an annulus between the injector sleeve and the
pintle guide where circumferential distribution of the LF> is accomplished.

The LF, flow is then directed through an annulus bounded by the pintle shaft

and the injector sleeve to the metering point, which is a gap between the pintle
head and the injector sleeve and is normal to the injector centerline., The
resultant oxidizer spray pattern is a concial sheet.

£ e
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(U) The hydrazine blend (NoHy blend) flow also enters the injector sleeve
through & drilled passage and is directed into an annular plenum within the
injector sleeve., The NpHy blend then passes through a distributor plate (con-

B : taining a ring of distribution orifices) into & pressure recovery and redistri-
;} bution groove and is directed to the metering point, which is an annular gap

b between the injector body and the injector sleeve. The NpH) blend flow, after

¢ . leaving the metering point, attaches to the outer surface of the injector sleeve
parallel with the injector centerline and produces & cylindrical sheet spray
pattern which impinges with the conical oxidizer sheet. No film cooling pro-
visione were employed.

(U) The pintle gap adjustment was accomplished by physically moving the
pintle, The pintle was held in place by a locking collar and set screw arrange-
ment, The unique design of the single element co-axial injector permitted com-
plete injector disassembly and the ability to independently vary injector met-
ering areas through simple adjustments. A photograph of the face side of the
assembled injector is presented as Figure 37. The injector body and distribue
tor plate were constructed of 17-4PH stainless steel., The injector sleeve,
pintle, and pintle guide were fabricated from Nickel 200 (A-Nickel). The
engine assembly technique and the general arrangement of test stand complex
HB-2 at the TRW Systems Capistrano Test Site is illustrated in Figure 38.

(C) A total of 47 subscale liguid fluorine-hydrazine blend engine tests
were conducted during the three injector check~-out programs, Eight tests were
X conducted utilizing the fuel-center injector mode, and the remaining 39 tests
were made with the oxidizer-center injection mode. The latter mode of operation
demonstrated the higher C* performance. The majority of tests were coanducted
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with a copper heat sink thrust chamber. Operating durations for these tests
encompessed time periods up to 5 seconds. Single run durations of 30 seconds
each were made with both a monolithic graphite heat sink thrust chamber and a
monolithic random orientation molded silica-phenolic ablative thrust chamber,
A mixture ratio range of 1.2 to 2.2 was encompassed with both fuel-center and
oxidizer~-center injection modes. In both cases C* efficiency decreased as mix-
ture ratio was increased over the range considered. The results of the fore~
going tests established nominal design conditions of 1.8 mixture ratio, total
propellant flow rate of 0.42 lb/sec., C* efficiency of 90% of theoretical
equilibrium performance (uncorrected for heat rejection), and s chamber pressure
of 150 psia. The nominal thrust chamber L* was 4O inches. However, L¥ in-
creases of 304 and 100% (with a constant throst diameter and constant con-
stant contraction ratio) were evaluated and were found to only minimally
influence delivered C*, The utilization of fixed-area cavitation venturis

in both propellant feed systems were found mandatory to assure test-to-test
repeatability due to variable pre-test chill down conditions introduced by
variable atmospheric conditions.

b. Subscale Tests

(U) Following the preliminary test program to check out the test facility
and verify performance predictions of the injector when used with LFé/NgHQ
blend propellants, the subscale test program was initiated., The duty cycle
for the test program was selected based ~n the test information desired.

Since the primary purpose of these tests was to determine chemical reactivity
as a function of temperature and the maximum operating temperature for each
material, long on-times were employed. Thus, a basic duty cycle was selec-
ted as follows:

Duty Cycle -Time Off-Time
1l 25 seconds Cool to ambient
2 175 seconds Cool to ambient
3 100 seconds Cool to amoient

Total planned test time on all units wvas 300 seconds, except for unit 5/ T
vhich was 600 secounds,

-

{u) Folloving each duty cycle, the thrust chamber was allowed to cool
to ambient to permit visual inspection of the chamber liner and throat
insert. Duty cycle 1, a short pulse, vas included to verify the chamber
design and permit examination of the chamber liners and throat insert
for thermal shock cracks, Duty cycle 2, a long steady pulse, was intended
to bring the surface temperatures of the throst insert and chamber liner
to a maximum and eliminate transient heating conditions. Duty cycle 3 was
iantended to determine the affects of reheating the insert and liner mater-
ials after a long pulse history had been experienced. Duty cycle 3 was
subsequently revised to accumulate 100 secoads by pulsing during testing.
The actua). Quty cycle of each test vas altered from the basic duty cycle
relative to design considerations or material performance as determined
during the test. The actual duty cycle and test 4ata for each unit is
presented iu Table XI.

(U) The results of esch test are sumsarised in Table XI. This table
presents the chamber and throat material for each unit, design chamber

&
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pressure, and test duty cycle., A summary of the throat insert erosion
appeers in the teble, The maximum and minimum throat diameter is presented.
The diameter change during the pulse is the average increase (or decrease)
of the throat diameter and is based on measurements recorded prior to and
immediately after the particular run. The net diameter change is the total
diameter change, The effects of local streaking conditions are neglected in
the diameter change during each pulse and the net diameter change date.

(U) The combustion performance of each test is presented in Table XI.

‘Injector performance was evaluated for each run. At several time slices

during each run, data were reduced to determine measured C* snd specific im-
pulse (Isp). Specific impulse is corrected to vacuum conditions. In each
time slice, data were compared to the theoretical values at the measured O/F
ratio. Theoretical C* and Isp as & function of O/F ratio were presented
previously. TFor C¥ calculations, the throat area calculated from measure-
ments taken prior to each run was used. Specific impulse haes been corrected
for vacuum and is compared to the theoretical vacuum specitic impulse. Only,
C* and Isp values at the beginning of each run are presented since degradation
in parameters occurs with throat erosion. The results of each test run are
discussed subsequently in order of test.

(1) Subscale Chamber S/N 2

(U) The planned duty cycle for unit S/N 2 included three pulses of 25,
175, and 100 seconds.

(U) Subscale thrust chamber S/N 2, the first unit tested, was fired on
November 3, 1965. This unit was tested with a chamber extension (see Section
V, Subsection lc for discussion), During the first run, performance started
out low, improved slowly, and stabilized by the middle of the run., Following
the run, the injector was removed from the chamber. Chamber inspection re-
vealed no significant erosion. Resin deposits on the injector face were re-
moved, and the chamber wes reassembled for the next run.

(U) The second run was a scheduled 175 second duration pulse. The test
was terminated after 138 seconds due to visual leakage at the injector-chamber
interface. Screws holding the injector to the chamber were loose and appar-
ently yielded at high temperature during the test, The O-ring seal had failed.
The graphite liner and ablative insulator in the chamber extension were
severely eroded and several streaks were evident approximately 4 inch down-
stream of the injector. In one circumferential location, & deep gouge through
the extension steel housing occurred which appraently caused the excessive
temperatures,

(C) Measured C* was below 6000 fps. During the run, the oxidiger tem-
perature decayed from -270°F to approximately -2L6OF at cut-off. This re-
sulted in reduced oxidizer flow and & corresponding decrease in O/F ratio.
The reason for this temperature variation is unexplained.

(2) Subscale Chamber S/N 1

(C) Subscale thrust chamber 8/N 1 was tested on November 8, 1965. The
duration of the test was 100 seconds, Run Aesignation was 050. Again, the
1-inch chamber extension was used, Measured C* exceeded 6500 fps at the be-
ginning or the test.

T
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(U) Following the tests, the injector was disassembled from the chamber.
Severe streaking and gouging prevelant in the previous long duration test
(Run O49) was present in the chamber extension. The gouging and severe ero-
sion occurred approximately 1/2 inch downstream of the injector chamber
interface and was & local condition. It appeared that the test was completed
Just prior to the burn-through condition experienced in the previous run. .
Because of the local gouging condition, apparent in both longer runs to date,
it was decided to eliminate the l-inch chamber extension due to the apparent
run duration limitation. Also, during preliminary injector testing, thrust
chambers of different length were tested to determine the affect of the I¥* on
performance, Only minor improvements in performance were obtained even with
& doubled characteristic combustion length,

SO BTN S S e e g amipe gy et o

(U) An instrumentation problem was encountered during the first three
runs.. Due to a limited number strip chart recorders, five thermpieupllebawere
recorded on tape and played back following the test. :.The.windings /imw drive
{ motor of tape recorder were defective_ causing.randem variation in:uspeedt.:tAll
’ tape was losts - This recorder was repaired prior to subsequent tests.

(3) Subscale Chamber S/N 3

(U) The planned duty cycle included four pulses of 5, 20, 175, and 100
seconds with a cool to ambient between each pulse, The first two pulses were
incorporated to check performance and chamber integrity.

(C) The performance during run 051 was very low (C* of 3700 fps). .
Following the test, the injector was removed from the chamber. It was dis-
covered that the pintle, whith controls the oxidizer gap, has slipped caus=
ing poor injection characteristics. The oxidizer geap was corrected. The .
injector was water flowed and the pattern looked good.

(c) Ienition during run 052 was slow., During the first 12 seconds of
the run, a C* of about 6300 fps was realized; however, it dropped to..about
5000 fps at 15 seconds of elapsed firing time.

(U) It was noted that the oxidizer temperature rose during the latter
portion of run 052 causing a decrease in the density of the liquid fluorine,
Since the volumetric flow rate is held constant by a cavitating venturi in
the oxidizer propellant supply line, mass flow rate decreased with a corres=
ponding decrease in O/F ratio. This accounted for the performance deteriora-
tion. No reason was found for the increase in oxidizer temperature.

(C) Run 053 was scheduled for 175 seconds. This run was terminated at
78 seconds due to an excessive rise in the temperature of the steel retaining
plate at the upstresm ¢nd of the thrust chamber (over 20000F). Characteris-
tic velocity during this run varied from 5600 to 5300 fps. The O/F ratio vas
1,53, Upon disassembly of the injector from the thrust chamber, several
deep gouges in the chamber walls were revehled beginning approximately 0.5
inches downstream of the injector covering approximately 180 degrees of the
circumference. Only slight evidence of the streaking was apparent on the surs
face of the throat insert. The injector was cleaned, rotated 180 degrees with
respect to the chamber, and installed for the next rua.

(U) Due to the deep gouges in the chamber wall at the upstream end, it
vas decided to revise the final test on unit S/N 3 to a 125 second duration

T2
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pulse. Ignition was good during this run., Chamber pressure was low (110 psia
average). This_was due to prior throat erosion.

(4) Subscale Chamber S/N 4

. (U) The planned dquty cycle for subscale thrust chember S/N U4 was accom=
plished. The third run was & pulsed duty cycle to investigate affects on
material performance. One of the cool-down cycles in the third run (Run 057)
was longer than originally planned. General performance during the test
series was good.

TR e e B

(U) The unit was fired for 25 seconds (Run 055). Performance dropped

1 off rapidly during this run. Following this test, the injector was water e
¥ flowed and found to have a ragged pattern. The injector was then disassembled B
" and cleaned, and the pintle polished in an effort to boost performance for :i

the subsequent runs. The appearance of the thrust chamber was good.

(U) During the 175 second run, performance was good. Chamber pressure -}
rose from 151 to 160 psia, Following the test, the injector was removed &
from the thrust chamber for examination. Deep local erosion through the py-
rolytic graphite chamber sleeve approximately 0.5 inches downstream of the
injector was observed. The pyrolytic graphite sleeve was entirely gone in
this region. The downstream portion of the cylindrical sleeve (chamber wall)
was intact and in good condition with some streaking evident in the throat
region. The carbon brick material, downstream of the throat insert, wes
badly cracked and eroded.

TR

(U) Following run 056, the injector was water flowed indicating some
slight streaks., The injector was then cleaned and polished prior to the next
run, '

(C) During run 057, & pulsing duty cycle was employed accumulating
100 seconds of actual firing time, The duty cycle is presented in Table XI.
A chamber pressure in excess of 160 psia was measured during the first pulse
of this run. Performance was good (C* about 6250 fps). Following a 21 second
cool-down, the chamber was fired for 30 seconds. Characteristic velocity dure
ing the second pulse was about 5720 fps. Following a 27 second cool-down, the
chamber was fired for 20 seconds with an average characteristic velocity of
5870 fps. Due to the shortage of recording paper on one recorder, the coole-
down period was extended to 437 seconds to permit reloading of\an oscilloe
graph paper magazine, The last 20 second test was accomplished during which
the characteristic velocity was approximately 5330 fps. The over-all decay in
the measured characteristic velocity during this run reflects erdsion of the throat
insert as the calculation was based on the average throat diameter prior to this run.

T R T S e o OV S R R S
. -« - »

(5) Subscale Chamber S/N 5
(U) e planned duty cycle for subscale thrust chamber S/N 5 included
tests of 5, 20, 175, and 100 second duration with & cool to ambient between
each test., The last test was & planned pulsing duty cyele.
(C) The first two runs were for pulses of 5 and 20 seconds. Performance

vas low during the tests with C* valves of about 5200 fps. The O/F ratio was
high (2.0 to 2.26) due to & lower temperature of the fluorine propellant. The
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lower temperature caused the density of the fluorine to increase &nd the mass
flow to increase, Chamber pressure during the first run was 161 psia, and
during the second run varied from about 161 to 140 psia. An average diametral
erosion of 0.030 inches was observed at the throat of the tungsten throat
insert.

(C) Run 059 was 125 seconds in duration. Chamber pressure varied from
130 to 135 psia during the test. Characteristic velocity was 6000 fps. The
0/F ratio during the test increased from 1.6 to 1.9 due to a drop in the oxi-
dizer temperature. This characteristic has been discussed in conjunction
with previous subscale thrust chamber tests. An average diameter erosion of
Q057 inches occurred during this run., Since throat insert performance was
poxrer than that experienced on the other units, it was felt that additional
testing would yield little information. Therefore, no additional tests were
conducted.,

(6) Subscale Chamber S/N 8

(U) Subscale thrust chamber tests on unit S/N 8 deviated from the planned
duty cycle. In addition to chamber materials evaluation, & secondary obJjective
of the test was to examine injector performance at a chamber pressure of 200
psia.

(C) The first run was a 10 second check-out firing. Visually, the tests
looked good. Chamber pressure and characteristic velocity during Run 060 were
188 psia and 6020 fps respectively. Due to the higher chamber pressure (above
150 psia as for previous tests), the fuel cavitating venturi dropped out of
cavitation changing the flow. The mixture ratio increased to 2.2. As a result,
it was decided to increase fuel tank pressure for subsequent tests.

(U) During Run 061, performance was lower due to 3 bi-stable injector flow
condition. The pintle was cleaned and polished following this run.

(C) A 125 second firing was conducted on the unit. The test was very good.
Initial characteristic velocity and chamber pressure were 6550 fps and 209 psia
respectively. Chamber pressure dropped off to 146 psia at 125 seconds due to
throat erosion. Post firing examination revealed severe gouging in the injector
end of the chamber and throat. As a result, it was decided to terminate testing
at this point since comparative material preformance data had been obtained.

(7) Subscale Chamber S/N 6

(C) Subscale thrust chamber S/N 6 was scheduled for a duty cycle similar
to that for unit S/N 4. The run number was 063. This unit was tested for 15
seconds. The intended duration was 25 seconds. Characteristic velocity and
0/F ratio were 5930 fps and 1.9 at the beginning of the run respectively.
Initial chamber pressure was 145 psia; however, it dropped off rapidly to ap-
proximately 90 peia at 15 seconds when the test was terminated. Visually, a
sparking was observed in the exhaust plume during the test.

(U) Post test exarination revealed severe erosion at upstream end of the

chamber and an erratic erosion in the throat region. Due to the severe erosion
of these materials, no additional tests were conducted.

Th
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(8) Subscale Chamber S/N 7

(c) The fiFst run was planned for 25 seconds duration. Two attempts to
accumulate this time were made, but terminated at 7.5 and 1ll.5 seconds respec-
tively due to rapid chamber pressure decrease during Che runs. Initial chamber

pressures were 180 and 200 psia respectively but dropped to approximately 120
psia by the end of each run. Characteristic velocity was below 6000 fps.

(U) The reason for the poor performence during these runs is not clear.
Water flow test patters on the injector following each run were good. However,
a discoloration of the injector metering annuli was discovered. The injector
was disassembled and polished to remove discoloration. The thrust chamber wes
in excellent condition with no signs of erosion. ’

(U) For Run 066, the planned test duration was 175 seconds at & chamber
pressure of 200 psia. The test was terminated after approximately T seconds due
to rapid decay in chamber pressure and a poor visual appearance of the exhaust
plume., Examination of the thrust chamber following the test indicated the °
throat insert had failed.

(C) Analysis of the data-of Run 066 indicates a normal engine start
occurred. For about 1l.25 seconds, the engine operated smoothly with a measured
characteristic velocity of 6340 fps. All operating parameters such as propellant
weight flow, mixture ratio, and pressure drop across the injector were normsl.

At 1.25 seconds, the chamber pressure dropped abruptly from in excess of 200 psis
to about 60 psia within & few milliseconds. During the remainder of the 7 second
test, chamber pressure decayed to approximately 4O psia. Review of all data in-
dicates performance of the injector and supporting facility was normal during
this test. ’

(U) Upon examination of the throat insert, it was evident that the Grafoil
had defoliated and leaf-like secticns had been expelled. An examination of the
downstream back-up support for the insert showed no signs of excessive materisl
loss indicating axial containment was still provided. The chamber portion of
the unit was sound with minor evidence of gouging or streaking.

4, POST FIRING EVALUATION

(U) This section includes a detailed post firing analysis of the subscale
thrust chamber tests. A performence evaluation of liner material and design
concept performance are presented, Liner materials are evaluated in detail to
determine any significant characteristics.

a. Material Performance

(U) A post firing evaluation of each unit was made subsequent to the tests.
A macroscopic evaluation is made of the data and sequence of events. Physical
data and other pertinent informetion is presented. Throat diameter measurements
are tabulated for each run in Table XI. Thermocouple data is discussed where
pertinent to the interpretation of test results.

(U) Post firing evaluations of liner materials were intitated after neces-
sary measurements were recorded for the chamber and nozzle components. The thrust
chambers were disassembled and sectioned longitudinally to reveal the interior
surfaces after exposure to the fluorine propellant gases during test firing.
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Photographs were teken to record the surface conditions. Pertinent details
of the surface conditions and other observations were recorded and are presented.
A summary of the performance of these materials is presented in Table XII.

(1) Subscale Chamber S/N 1

(C) Unit S/N 1 was fired for a continuous 100 second pulse, Injector
performance was good with C* efficiency greater than 93% of the theoretical
value. Throat dlameter after test varied from 0.830 to 0.850 inches, approxi-
mately a 3% area increase. Severe local erosion occurred in the chamber bx-
tension approximately 1/2 inch downstream of the injector (see Figure 39). An
attempt to eliminate this severe local erosion condition was made; however, it
appears that additionsal injector development would be required in order to
completely resolve this condition., Since materials downstream of this position,
including the throat insert, were not affected by this localized chamber wall
erosion, it was felt that the objectives of the subscale test program could be
accomplished if the subsequent units were designed to accommodate the local
erosion condition,

(U) Unit S/N 1 employed & hot pressed tantalum carbide throat insert con-
tained in & prestressed assembly, and a carbon cloth chember liner. The pre-
stressed insert assembly included & carbon brick backup ring, Ta-l0%W retainer
ring, TZM molybdenum axial insert retainer, tungsten prestressing ring, and
the tantalum carbide throat insert.

(U) The carbon brick backup ring contained axial cracks at four circum-
ferential locations after a single pulse test of 100 seconds. Although all
four cracks ran the entire length of the part, it remained in one piece dur-
ing its removal from the chamber. Three of the four cracks propagated
through the holes drilled for thermocouple access to the insert, The part
is shown in Figure 40,

(U) During & leak check of the chamber prior to testing, the porous
carbon brick provided a leak path for gas around the insert. After firing,:there
was evidence of slight lgekagg.bbrough kbe.part as noted by discelorationiof the
downstream end.: However;~the.problempprelst®d to-onacking andsleskage:.in the
carbon, brick did not apparently degrade performance of the insert,

(U) The tantalum-tungsten retainer ring surface in contact with the carbon
brick was darkened and a minor carblde reaction was apparent. The surface in
contact with the tungsten was discolored with gold and black thin films. The
gold areas were very hard and looked like TaC. The dark areas had the appear-
ance of a tungsten oxide.

(U) The threaded portion of the part, in contact with TZM, was slightly
reacted and discolored, but generally in good condition. Small fragments of
reacted thread material flaked off during disassembly. This was slso evident
in a cross section of the part which was mounted for metallographic
examination,

(U) A tantalum washer (0.007 inches thick) was situated forward of this
part to limit the carbon-molybden reaction in an adjacent part. The tantalum
washer was carburized from contact with the carbon cloth phenolic, and also
fused to the retainer ring in several places. The washer was fragile (embrite
tled) and broke apart as it was pried loose from the retainer ring.
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FIGURE 39 (U) Inlet of Unit S/N 1 After Test
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FIGURE 40 (U) Unit S/N 1 Carbon Brick
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(U) Based on both chemical (compatibility) and structural considerations
the reteiner ring and washer performed satisfactorily for the application. The
TZM axial insert retainer withstood the combustion environment very well, as
is seen from the photograph of Figure 4l. Only slight erosion was apparent,.
except et one circupferentisl position where streaking had occurred. At this
circumferential station, evidence of streaking was visible in all of the
interior components of the combustion chamber.

(U) Exposure of the TZM part to the combustion environment resulted in a
fully recrystallized structure. A slight refinement in the grains occurred
adjacent to the machined surfaces, but in general a uniform structure was
observed throughout the part.

(U) A gold-colored deposit, probably TaC, was observed on the mating
surface with adjacent components. The coating was barely visible in the
cross sections of metallographic samples.

(U) The tungsten prestressing ring was exposed to the propellant exhaust
stream dowstrem downstream of the throat insert. This portion of throat
suffered practically no dimensional change. Some oxidation of the exposed
tungsten occurred after engine shut down, since the normal nitrogen purge
duration was shortened to minimize thermal shock during cool down. Thus,
oxidation resulted from exposure to ambient air.

(U) Considerable grain growth was observed in the tungsten in the
area back of the TaC. At the extreme aft end of the tungsten part, the
grain structure remained fine and apparently unaffected by the firing duty
cycle., This was the only portion of the insert which radiated directly to
the ambient surroundings, and would account for the part being cooler
during testing. Intermediate between this area and the throat extremely large
grains were observed. Apparently this area of the part remained hottest
for the longest period of time. The calculated temperature for the tungsten
at 100 seconds after ignition was approximately U8BOOCF, and at this tempera-
ture considerable grain growth would be expected.

(U) Evidence of a reaction at the interface between the tungsten and
the tantalum carbide was seen in the sectioned parts. The thickness of the
reacted interface was small (several microns) and not continuous. A very
probable reaction between W and TaC would involve the formation of TeyC
and WoC, since both of these compounds have a hexagonal structure very '
close to the same size, The bond formed from the reaction at the inter-
face fractured intermittently through the reacted zone and the ‘aC.

(U) Predicted temperatures (4LBOOOF at 100 seconds) in the tungsten
would be expected to result in the formation of tungsten carbide (approxi-
mately 4500°0) at the tungsten/carbon interface. However, no evidence of
the reaction was observed, indicating that the back side temperature steyed
below 4500°F, or there was insufficient time for the solid state diffusion
neceasary for the formation of the carbide phase. g

(U) Several dimensional checks in the constant diameter sectica of
the tungsten piece showed measured variations in the range .i 0.001
to =0.003 inches on the 1,560 inch diameter. :he diametral increases
were observed at 90 degrees from the decreases, indicating out of roundness.
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FIGURE 41(U) Upstream End of Prestressed Throat Insert Assembly After Test
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FIGURE 42 (U1) Axial Section of Prestressed Throat Insert Assembly After Test
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A slight increase (approximately 0.47%) in the diameter was expected
due to the plastic flow predicted by the thermal stress analyses.

(U) A crack approximately one-half inch from the upstream end of the
insert ran the entire circumference. An axial crack from the terminus of
the circumferential crack intersected the forward edge of the part (see
Figure 42 and Figure 43). Both cracks propegated intergranularly and
appeared to have occurred at fairly high temperatures. Figure 44 is a
photomicrograph of the tungsten showning the circumferential crack A
positive basis is not available for determining the time or temperature
at which cracking occurred. The maximum hoop stress calculated for the
tungsten occurred at approximately 5 seconds after ignition. Plastic
flow was predicted to occur at this time and continue for the duration of
the firing cycle., A similar behavior would be expected for the stress-
strain behavior in the axial direction, i.e., for a long cylinder (plane
strain) the axial ard circumferential thermal stresses would be similar in
magnitude.

(U) Erosion of the TaC throat insert was moderate, as is seen in
Figure 42. The TaC suffered greater recession than either the TZM or W,
as seen at the appropriate interfaces in this figure. However, direct com-
parison may not be completely justified because of the differences in the
thermal histories of the various couponents, Surface temperatures of the
components at adjoining interfaces could be widely different, although the
exhaust environment would be the gsame. The erosion pattern was slightly
egg-shaped with the major perturbation in line with the streaking path which
ran the length of the chamber. The maximum diameter was 0.858 inches mea-
sured from this point. A minimum diameter of 0.830 inches was measured at
45 degrees from the maximum,

(U) The TaC insert cracked in both the circumferentisl and axial dai-
rections. The major crack was circumferential and followed the path of
the circumferential crack in the tungsten prestressing ring. A large
number of smaller hairline cracks ran parallel vith and close to the main
crack. The number cf cracks decreased towards both ends of the insert.
Cracks in the axial direction were mainly hairline, and many were super-
ficial originating at the I. D.

(U) In general, cracks propagated intergranularly. The true charac-
ter of the cracks in this brittie material is difficult to illustrate in a
metallographic specimen, since fragments (grains) of the crack structure are
broken loose and are lost during polishing.

(U) Some erosion developed in the carbon cloth chamber liner, with the
most severe erosion occurring near the injector head, However depth of ero-
sion wvas not severe enough to puncture through the upper rart of the chamber
liner, as wvas the case for other engines of long duration firing. Charring
of the carbon cloth, as evideat in the cross section, was unifors and
approximately 1/2 inch deep measuring from the chamber inner wall., Several
very fine cracks were noticeable along the plies (at a 45Oangle to the
vall), but these cracks did not extend beyond the char layer and, thus, did
not influeace performance.
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FIGURE 43 (U) Back Side of Prestressed Throat Insert Assembly )
.

Unclassified

FIGURE 4 (U) Photomicrograph of Crack in Tungsten Prestressing Ring: 100X
82
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(2) subscale Chamber S/N 2

(U) Unit S/N 2 was fired for 25 and 138 second pulses for & total time
of 163 seconds. Between each pulse, chember components returned to ambient
temperature. Severe erosion of the chamber extension was experienced similar
to that described in conjunction with unit S/N 1.

(U) Unit 8/N 2 contained a throat insert machined from arc-cast, hyper-
eutectic hafnium carbide, and & CGW graphite chamber liner.

(U) After the initial 25 second burst the motor was allowed to cool to
ambient temperature for visual examination. No cracks were observed in the
throat insert, indicating good thermal shock resistance. A single streak
pattern was evident on the insert surface covering an angle of approximately
450, The C-9 graphite cement used to fill in several casting defects in the
I. D. surface of the throat insert was essentially intact.

(U) After a second firing of 138 seconds (for a total time of 163 seconds),
the throst insert was removed from the thrust chamber for complete examination.
Careful inspection under 10X magnification did not reveal any cracks in the
insert, thus confirming the good thermal shock resistance of the cast hyper-
eutectic carbide. The streaking observed after the initial 25 seconds burst
was still evident. Void areas originally covered up with the graphite cement
were exposed due to the loss of this material. A comparison of the visual
appearance before and after firing is illustrated in Figure 45. The throat
erosion pattern was uneven, and resulted from streaking by the injector.

(U) cereful examination of the throat insert surface showed that flakes
of free graphite projected above the surface. Figure 46 attempts to illus-
trate this condition. A cross-gsection of the insert was prepared for metallo-
graphic examination and selected areas are illustrated in Figure 47 and 48,
Figure 4T clearly shows the projection of graphite flakes from the surface in
an area upstream of the throat insert where the mechanical erosive shear)
effect of the propellant gases is relatively low. Graphite flakes do not
project beyond the eutectic RfC matrix in the throat area, probably because the
graphite flakes are relatively weak and are mechanically eroded awly by the
high velocity of the propellant gases. Projection of the graphite flakes
in the relatively low propellant gas velocity areas does indicate that the
chemical corrosion rate of the eutectic hafnium carbide-carbon (graphite)
matrix is greater than the erosion rate for graphite., This is consistent
with laboratory reactivity studies indicating graphite to have a resistance to
reaction by hydrogen fluoride superior to that of hafnium carbvide,

(U) During bhandling of the throat insert, it was noted that a carbonace-
ous material rubbed off the surface. However, subsequent visual and metallo-
graphic examinations did not reveal any evidence of deposits or reaction
products on the exposed surfaces, Thus, the carbonaceous material which
rubbed off undoubtedly came from the exposed graphite flakes,

(U) The CGW graphite chamber liner developed extensive erosion, particu-
larly near the ipjector head. However, the erosion did not pierce the chamber
liner. Streaking by the injector, which was observed on the nozzle throat
insert surface, vas also evident on the chamber liner,

(U) The throat erosion pattern was uzeven with measured maximum and mini-
mun throat diameters of 0.885 and 0.869 inches, following the test. This
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FIGURE 46 (U) Surface of HfCsC After Test

100X Magnification

Unetched

FIGURE 47 (U) Cross-section of HfC+C Upstream of Throat
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FIGURE 48 (U) Cross-section of HfC+C at Throat:
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uneven throat erosion resulted from streaking by the injector. The average
radial erosion was 0,030 inch. No cracks were observed.,

- (3) Subscale S/N 3

(U) Subscale thrust chamber S/N 3 was tested for an accumulated time of
228 seconds. After removing the thrust chamber from the steel housing, unit
S/N 3 was sectioned axially (see Figure 49). A close-up view of one secticn
is presented in Figure 50,

SR

(U) The Carb-I-Tex 700 material performed well both as & chamber liner
and & nozzle throat insert. Erosion of the chamber liner near the injector
inlet, while visibly extensive, did not penetrate through the liner. This
greater erosion is attributed to impingement by unreacted fluorine. The
reaction of graphite materials by fluorine has been determined to be more
severe than thet of HF (see Appendix). Slight axial delaminations along
the length of the chamber were developed during firing. These delaminations
occurred only between the plies of the Carb-I-Tex TOO and there were no
visible indications of detrimental effects from the cracks--such as high
localized erosion, spalling, or failure of the back-up insulation material.
Figure 50, a half section, illustrates the minor nature of the delaminations
and the fluorine reaction problem. In this photograph, the plies of the
chamber liner material are normal to the plane of the photograph and are
axial (along the length of the chamber). Locally increased erosion in
line with the upstream injector end gouging is apparent. Whether the
erosion resistance in the chamber section is better when the plies are
parallel to the surface, or at right angles to the surface (as in the

- throat) is not certain., Logically, however, it would be expected to be bet-
ter if the ply are oriented as in the throat.

R I R s

(U) The nozzle throat insert had some radial cracks between the plies,
but again these did not appear to be detrimental. Areas of localized
erosion were not as deep as those observed in other thrust chamber materials
tested. Very little over-all change occurred in the throat contour, al-
though the surface roughness indicated some general erosion. Enosion
appeared to be the result of chemical reactivity with the propellant gases
or, & result of downstream projection of the injector gouging pattern.

There was no visible indications of material loss either by spalling or by
melting.

R R T Ry

(U) The carbon cloth support material was charred through approximately
1/2 of its section behind the throat insert. The carbon cloth char depth was
greater in the chamber region. The silica insulation between the steel shell
and the carbon cloth was not charred. This agrees with the predicted thermal
analysis results.

(C) Characteristic velocity during the test, except for a portion of Run
052,was below 6000 fps. An erosion~oF 0.0ll inches was measured.following -Runs
051 and 052. Erosion during the third and fourth runs, Runs 053 and OS54, was
0.020 and 0.007 inches respectively. The rate of erosion on the last two
runs was less than that of the first two runs., This is probably due to the
fact that performance and chamber pressures were lower during these ruas.

87

CONFIDENTIAL

e N L RO ensre———




CONFIDENTIAL

FIGURE 49 (U) Sectioned Unit S/N 3 After Test

Unclassified

FIGURE 50 (U) View of Sectioned Unit 8/N 3 After Test

Unclassified
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(4) Subscale Chamber S/N 4

(U) Subscale thrust chamber S/N 4 was tested for an accumulated time of
300 seconds. This unit was sectioned similarly to unit S/N 3 and views of
these sections are presented in Figures 51 and 52.

(U) The pyrolytic graphite sleeve in unit S/N 4 was completely gone fol-
lowing the test. Severe erosion occurred at the chamber just downstream of
the injector as had been experienced in previous tests. During the last run
(Run 057), & burn-through to the steel occurred. The pyrolytic graphite sleeve
was in tact following the first pulse (Run 055). Following the second pulse
(run 056), it was observed that the upstream portion of the sleeve (adjacent to
the injector) was entirely eroded away. During the last run (Run 057), the
combustion gases apparently flowed behind the sleeve causing it to erode and/or
break-up. If finite pieces of the sleeve did pass through the throat, they
were quite small as no large blips in the chamber pressure trace were observed.

(U) Appearance of the pyrolytic graphite nozzle throat insert, illustrated
in Figure 52, is deceptive., Although the insert delaminated extensively and
diowed high erosion on the convergent surface, the actual throat diameter did
not increase markedly. Some of the areas of high erosion on the convergent
surface were due to streaking of the injector. However, pyrolytic graphite
acts &s an insulator in the "c¢" direction (which was normal to the inlet
surface) such that materiasl surface temperatures could thus become very high
leading to increased erosion tendencies. Material underneath this surface
("a-b" planes parallel to the surface contour) leading to the throat section
are protected by the insulative nature of the surface material, thus reducing
the maximum temperature which this material might otherwise experience., Thus,
failure by layers is logical, and visibly, is what occurred in the convergent
section. At the throat location, the visible erosion pattern was an uneven,
scalloped effect. Distinct local areas of increased loss were apparent, al-
though these did not necessarily line up with injector end chamber local areas.

(U) The carbon brick support material behind the throat insert developed
numerous fractures. Sections of the carbon brick forming the exit cone either
suffered severe erosion, or fractured and spalled off., Superior insulative
characteristics, however, were evident,

(U) Over-all combustion performance during the test of unit S/N 4 was
good. Throat erosion during Run 057 accounts for the lower calculated characs
teristic velocity values following the first pulse since calculations are based
on the initial throat area. The silica insulator between the internal
chamber components and the steel shell was approximately 80% charred in the
chapber region and less severely charred in the throat region. This char is
greater than that predicted. However, the loss of the pyrolytic graphite
sleeve in the chamber permitted greater heating of the graphite heat sink and
this would account for the increased char.

(5) Subscale Chamber S/N 5

(c) Subscale thrust chamber S/N 5 was tested for an accumulated time of
150 seconds. Basically, the design incorporated a tungsten -2% ThOp throat
insert and a CGW high density graphite chamber liner, During the first two
pulses, Runs 058A and 085B, a diameter change in the throat of 0.030 inches
was observed for a total firing time of 25 secoads. Visually, the throat insert
looked good and there was no evidence of streaking or surface melting. However,
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FIGURE 51 (U) Sectioned Unit S/N 4 After Test

Unclassified

FIGURE 52 (U) View of Bectioned.Unit S/N 4
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measurement indicated that the throat was oval-shaped. During these runs,
characteristic velocity was below 6000 fps.

(C) The final pulse on unit S/N 5 was rescheduled for 125 seconds as a re-
sult of the throat diameter change. It was felt that if erosion would continue
at the present rate, the throat insert would be lost during a longer test pulse.
During this pulse, Run 059, characteristic velocity was 6000 fps. An average
erosion of 0.057 inches was realized for a net diameter change of 0.087 inches.
No further tests were conducted on this unit.

(U) Erosion developed in the chamber liner, Figure 53, punctured through
the liner in one section and burned into the insulating plastic. A streaking
pattern, developed in the chamber liner, was typical of streaking patterns de-
veloped in other CGW graphite chamber liners., Erosion ol the tungsten alloy
throat at this location was particularly severe, as illustrated in Figure 5k,
Because of this, the erosion pattern tended to be eccentric and deeply pene-
trated in localized areas. At an area 180° from the streak, dimensional loss
wvas high, but uniform. No deposits were found on the insert surface, and the
only discoloration was a slight darkening of the surface. Appearance and feel
of the eroded areas were very smooth, indicating chemical rather than melting
attack.

(U) Metallographic examination of the tungsten - 2% thoria insert, at
both the throat location and several areas of high erosion, revealed no apparent
change in the surface of the insert, as illustrated in Figure 55, a and b,
Since there was not evidence of surface melting or mechanical failure of the
tungsten alloy, the erosion mechanism is believed to be assoclated entirely
with chemical reaction--either with the propellant gases (primarily HF), or
unreacted fluorine in the streaked areas. Compounds formed by reaction of tung-
sten with fluorine are volatile at the engine operating temperatures, and the
reaction products would be blown out with the exhaust gases, thus accounting
for the lack of deposits on the insert surface.

(U) Grain structure of the tungsten - 2% thoria insert after test firing
was compared to a sample machined from the insert prior to assembly, The fine
cold worked structure of the as-machined material, Figure 55c, has been recrys-
tallized during test firing, the some grain growth followed. While excessive
grain growth is not desireable, the amount of grain growth experienced by the
insert did not detract from its performance,

(6) Subscale Chamber S/N 6

(C) Subscale thrust chamber S/N 6 was tested for a duration of 15 seconds
(Run 063) of & pianned 25 second pulse, Unit S/N 6 was the final subscale
unit designed for 150 psis chamber pressure operation. This unit incorporated
a one-pliece PTB thrcat insert and chamber liner. Characteristic velocity at
the beginning of the run was 5930 fps. However, duriang the tcsts, chamber
pressure dropped off rapidly and sparking was observed in the exhaust plume,
Visual examination following the test revealed severe erosion irn the chamber
liner and erratic and severe erosion of the throat insert, Total average ero-
sion was 0.032 inches, which is must greater erosion rate then other cubsciale
units tested. No additional tLests were corducted.

(U) Sectioning of the motor revealed several radial cracks and a heavy
porous black deposit in addition to severe, localized erosion pits. The
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08800-2 X Mag,

Unclassified

FIGURE 53 (U) Unit S/N S CGW Graphite Chamber After Test

08800-4 X Mas.
- Unclassified

FIQURE 54 (U) Unit 8/N 5 Tungsten Throat Insert After Test
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a) Surface Microstructure of W-2% ThO, Nozgzle
Throat Insert - High Erosion Area 8t Test
Fired Insert.

b) Orain Structure = Test Fired Insert o Orain Structurs - As Machined

Unclassified
FIOURE 55 (J) Microstructure of W-2§ ThO, Throat Insert
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largest amount of erosion occurred near the injector head, where the chamber
liner burned throvgh to the insulating plastic in one small area., Gtreaking
by the injector resulted in extensive erosion of the chamber liner and deep
ernsion pits at the throat section, (see Figue 56). Radial cracking of the
PIB and the porous black deposit are also evident in this photograph. '

(7) Subscale Chamber S/N 7

(U) Unit S/N 7 was planned to accumulate a total duration of 600 seconds
at a chamber pressure of 200 psia. The first two runs, somewhat abbreviated
due to low combustion performance, were a 7.5 and 1l.5 second duration respec-

tively. No erosion occurred in the chamber or throat region during these
pulses,

(U) During the third pulse, Run 066, the throat failed as reflected by a
rapid drop in chamber pressure from approximately 200 psia to less than 100 psia
at about 2 seconds of elapsed time. During this run, the Grafoil throat struc-
ture failed. Following the test, much of the Grafoil material was observed
extending out of the nozzle exit cone as shown in Figure 57. This type of
failure was unexpected, since two previous tests of 7.5 and ll,5 second dura-

tions had been conducted on this chamber with no throat erosion and no apparent
damage.

. » o
e T T e S R A 1 TR A A Ry T

R TAH S

inse

e

(U) The throat insert was fabricated from hot-bonded Grafoil (hot pressed
pyrolytic graphite foil) with the "a-b" planes oriented radially. The hot-
bonded Grafoil delaminated, as illustrated in Figure 58, and the exit portion
of the insert was blown away from the motor. Firing time on this motor was too
short to develup significant erosion of the chamber liner or the nozzle throat -

. insert. All of the material removed from the insert resulted from mechanical
3 failure,

R Gy

[l (U) Subsequent to the design and fabrication of this unit, mechanical
& property tests were performed on the hot«bonded Grafoii material, Tensile
strength of the "c¢" direction (across the "a-b" planes) was found to be ex-
tremely low, less than 200 psi. Thus, while the hot-bonded Grafoil appears
as a solid block, it is equivalent to very thin, stacked pyrolytic graphite
sheets, Provision for support of the insert, similar to a "stacked washer"
arrangement for a nozzle throat insert, would greatly reduce the possibility
of mechanical failure, but this compromises the advantages of the flexible
nature of this material; and performance would be less than, or certainly no
better -than, conventional plate pyrolytic graphite. However, thic material
has greater potential for fabrication in very large sizes than does conven-
tional plate pyrolytic graphite.

(8) Subscale Chamber S/N 8

(C) Subscale thrust chamber S/N 8 was tested at a chamber preesure of
200 psia. Three tests accumulating & total firing time of 145 seconds were
conducted., This unit incorporated a one-piece CGW high density graphite chame
) ber liner and throat insert. During the first two pulses, Runs 060 and 061
characteristic velocities of 6020 and 5830 fps respectively, were observed,
o Total erosion of 0,0015 inches was observed. During the last pulse, Run 062,
& an initial characteristic velocity of 6550 fps was realiged. Chamber pressure,
i initially 209 psia, dropped off to 146 psia at 125 seconds reflecting throat -
o erosion. An .average throat diameter erosion during this pulse of v.1605.inches
o was observed. Two erosion streaks in the throat insert were o.served reflecting
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FIGURE 56 (U) Unit S/N 6 Sectioned PTB Chamber and Throat Assembly

Unclassified.

FIGURE 57 (U) Exit of Unit S/N 7 After Test
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FIGURE 58 (U) Unit S/N 7 Sectioned Hot-Bonded Grafoil Throat Insert After Test

08871-2 0.7x ngo

FIGURE 59 (U) Axial Section of Unit S/N 8 Aftar Test Unclassified
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injector streaking. No additional tests were conducted on this unit since
severe erosion of the upstream end of the chamber occurred similar to that
discussed previously.

(U) The chamber liner and nozzle throat survived test firing without
. cracking., Half-sections of this motor illustrating the post-fired condition
& are shown in Figure 59. Near the injector area, extensive erosion resulted
5 in puncturing the chamber liner and burn through of the insulating plastic.
Streaking of the injector was evident for localized areas of high erosion on
the lower sections of the chamber liner and the nozzle throat section. Some
changes in the throat contour and localized erosion areas were observed.

(U) Except for the erosion, there were no other changes evident in the
CGW subsequent to test firing. The expoasd surfaces were free of deposits or
marked discoloration. Condition of the surfaces suggests that erosion was
due to chemical reaction and that the reaction products were volatile at engine
temperatures, or removed by the propellant gases.

SR T AL

oy

b. Design Concept Performance

(U) The design approach employed in most subscale thrust chamber configura-
tions was to simply (1) install the liner components into a heat sink struc-
ture, (2) provide adequate support for the liner materials, (3) consider ther-
mal expansion by providing gaps where necessary as predicted based upon heat
transfer and stress analysis, and (4) provide adequate insulation for the

% ) steel housing. This approach was used for units S/N 2, 3, 5, 6, 7, and 8. 1In
¢ these designs except for unit S/N 7 (see Subsection 4a), design concept per-
£t formance was adequate. Design concept performance of units S/N 1 and 4 are dis-

cussed subsequently.,

- (U) Thrust chamber S/N 1 employed & prestressed tantalum carbide throat
design coucept. The intent was to match thermal expansion of the throat in-

i sert with the support structure thus eliminating thermal shock failure of the

£ throat insert during transient heating. However, due to the complexity of the

i insert and large number nf integral components and corresponding inter-reactions,

it 1s difficult to positively identify the source of fracture,

(U) Most evidence leads to the conclusion that cracking in the TaC insert
in unit S/N 1 occurred as a direct result of the circumferential fracture in
the tungsten. It is believed that fracture occurred late in the firing, at
probably about 50 seconds after ignition. The several facts which support
this conclusion are (1) the erosion was extremely slight around cracks in TaC
which intersected the I. D. and (2) the crack in the tungsten was characteris-
tic of a high temperature failure. It is also probable that a more catastrophic
fracture' of the ‘TaC would have occwrred at lower temperatures when the thermal
stresses were higher,

(U) Pifty seconds after ignition the calculated thermal hoop stresses
in the TaC insert in unit S/N 1 have decreased about 30% to a level vhere the
support from the prestressing ring is not very important, At this time pre-
stressing provides ounly & 10% reduction in the stresses, However, the sudden
loas of this prestress by failure in the tungsten would undoubtedly cause
fracture in the Tag,
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(U) Thrust chamber S/N 4 was designed to take advantage of pyrolytic gra-
phite's high thermal conductivity, as discussed previously. During Run 055,
there was a temperature drop in the "a~b" plane direction (see Figure 60) as
expected. Temperatures e+ sections B-B and E-E in the chamber (see Figure 60)
were at the approximate level expected (see Figures 10 and 22), The uniformity
of the temperatures at B2 and B3 reflect the effect of heat conduction from
the throat insert as expected.

(U) During Run 056, the second test of unit S/N 4, thermocouple Al appears
to have malfunctioned early in the test (see Figure 61), The measured value of
¢l (approximately 4000°F) is inconsistent with the theoretical predictions (see
Figure 21). Temperature data at Section B-B (B2 and B3) however, were greater
than predicted by analysis (Figure 21), This was due to the bi-directional
heating of the CGW graphite heat sink.

(U) During the third test of unit S/N 4 (Run 057), temperatures at locations
B and in the throat were approximately the same (see Figures 62 and 63)., This
reflects the loss in the pyrolytic graphite sleeve in the chamber thus affecting
the heat sink characteristics. The results of the first tests (Runs 055 and
056), however, indicated the success of the design approach, '

(U) The desire to observe temperatures at several locations in each unit
were two-fold: (1) to monitor the test and to provide some insight into modes
of failure should a major failure occur, and (2) to provide & thermal gra-
dieny in a given material so that thermal properties could be evaluated, The
latter case, however, could not be evaluated for any of the tests since random
failure of thermocouple probes prevented observation of sufficient data.

¢c. Throat Insert Erosion

(U) To evaluate the relative erosion characteristics of the throat insert
materials for rocket thrust chambers, several materials were tested. While
adequate thermal protection is necessary to provide structural integrity during
& specific duty cycle, erosion of the nozzle throat is a strong determinent of
thrust level variations and losses during a mission. For those applicutions in
vwhich meintenance of thrust level is of paramount important in performing a
certain mission, materials are required which suffer minimum surface degradation
when exposed to the elevated temperature of the propellant gases. Surface de-
gradation may occur by either reaching the melting or subliming temperature of
the material, or by chemical reaction of the specific material with the species
of the propellant gases.

(U) An attempt was made to correlate erosion as a function of temperature
and pressure by reducing the test data to a comparable form. To do this, the
following assumptions were mede:

A. The surface temperature of the various materials was obtained by
extrapolating measurements of thermocouples installed near the
surface by means of an IBM computer heat transfer program. Spe-
cifically, the combustion efficiency, chamber pressure, and tempera-
ture, from which the adiabatic wall temperature and convective
heat transfer coefficient were calculated, were obtained from test
results. The adiabatic wall temperature, convective heat transfer
coefficient, and material thermal properties were used to obtain
temperature gradients through the wall. Agreement of the predicted
and measured thermocouple temperature was used at a reasonable
assurance that the predicted surface temperature was close to the
actual surface temperature.
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B. The erosion rate was calculated using the variation in throat

diameter which in turn was calculated from instantaneous thrust
level and chamber pressure.

(U) The instantaneous throat erosion was calculated by using the thrust
equation:

F:-CFA""Pc

vhere F = thrust

= thrust coefficient
A% = throat area

= chamber pressure

(U) For a perfectly expanded nozzle, the throat coefficient can be de-

fined as:
X.
Cp® Cf (¥) [1-@) “Fi

vhere C <= constant
£f(¥) = function of ¥
=ratio of gas specific heat
Pz =ambient pressure, 1l4.5 psia

(U) At the relatively low chamber pressure considered in these tests, the
affects of small variation in ¥ due to changes in combustion have negligible
influence. Thus, letting ¥equal 1.30, the thrust equation reduces to:

_ _(Lb.5 0.231 4
F—C[l (32) J A* B,

(U) The simplified thrust equation was usad to calcualte throat diameter
change during each test run as follows:

A. Calculate C for a given test run using A* measured prior to run,

and P, and F after atart-up transients die out (approximately 3

secongs). This assumes that no change in throat area occurs in 3
seconds.

B. Calculate A* and thus, throat diameter, for other times during the

test run using C determined at 3 seconds, and the instantaneous F
and P, observed at the desired time.

(U) The variations in throat diameter D*, chamber pressure Py, and throat
surface temperature Tv are given in Figure 64 through 67 as a function of time
for the various subscale thrust chambers considered. (Only data which yielded
reasonable results were considered). For comparison purposes, the variations
in throat diameter during firing for the units S/N 1, TeC; S/N 2, HfC + C; S/N 6,

PTB; and §/N 8, CGW, are plotted in Figure 68 as a function of time for certain
runs.

(U) The results indicate the carbides experienced lower erosion than did
the graphite materials. The significance of this results is discussed in detail
in the Discussion of Results section (see Section VII).
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SECTION VI
FULL SCALE THRUST CHAMBER EVALUATION

(U) The full scale thrust chamber evaluation activities incorporated the
results of the materials survey and subscale thrust chamber evaluation into the
design and fabrication of three full size thrust chambers. Post firing evalua-
tion was performed following tests at the Air Force Rocket Propulsion Iaboratory.
The details of the thrust chamber concept evaluation are discussed in this
section,

1. DESIGN AND FABRICATION

(U) The design requirements were specified to be compatible with available
injectors and test facilities at the Air Force Rocket Propulsion Laboratory.
Materials for the first two full scale thrust chambers were selected based upon
the” results of the Phase I technical activity and the present state-of-the-art
for the design and fabrication of the material and design concepts examined.
Thompsine Tape was selected for the third full scale unit to demonstrate its
advantages as an engineering material in ablative designs.

a. Requirements

(U) Design requirements of the full scale chamber evaluation program were
specified by the Air Force Rocket Propulsion Laboratory. The propellant com~
binatior and operating goals were the same as those of the subscale thrust
chamber concept evaluation activity except for the thrust level. Full scale
units were designed for a thrust level of 3750 pounds. The performance
properites have been preseuted previously in Section V, Subsection la. The
duty cycle specified for the full scale designs is presented in Table XIII.

(U) For a chamber pressure of 200 psi and a mixture ratio of 2.0 and an
ambient pressure of 13.2 psia, the throat area of 13.9 square inches in a per-
fectly expanded nozzle will give & thrust of approximately 3750 lbs. This cal-
culation assumes a thrust coefficient which is 97% of the ideal thrust coeffi-
cient. The exit area to throat area ratio for perfect expansion is approximately
3.4 inches, thus the nozzle exit area is 43.0 square inches. The characteris-
tic chamber volume is 40 inches.

(U) Knowing the throat diameter, exhaust gas characteristics, chamber
pressure, and characteristic velocity, the heat transfer coefficient was cal-
culated by the simplified Bartz equation. Also, by assuming a recovery factor
of 0.9 with a C# efficiency of 96%, the adiabatic wall temperature is conserva-
tively calculated at a function of area ratio. These results for the full
scale thrust chamber design are presented in Figure 69.

b. Material Selection

(U) Materials for the first two full scale thrust chamber designs were
selected based upon the results of the Phase I technical activity and the
present state-of-the-art for design and fabrication of the several materials
and design concepts examined. As a result, Carb-I-Tex TOO was selected as &
throat insert material for the first full scale unit based upon its good per-
formance anrd design simplicity. The chamber liner material selected was car-
bon cloth phenolic, tape wrapped at 30° orientation to the chamber centerline.

(U) Pyrolytic graphite incorporated into & heat sink design was selected
as a throat insert material for the second full scale unit. A concial "a-b"
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Table XIII

Full Scale Test Duty Cycle

Test Duration (Seconds) Cooldown Period
/
10 Cool to ambient
60 Cool to ambient
240 Cool to ambient
100 Cool to ambient
12 20 seconds
15 15 seconds
8 Cool to ambient
120 30 seconds
35 Cool to ambient
/
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plane orientation was used to take advantage of the anisotropic properties of
pyrolytic graphite to minimize the surface temperature of the throat insert.

(U) In keeping with the major objective of material and design performance
evaluation, the third full scale unit was designed using Thompsine Tape. Thomp-
sine Tape is a material developed by TRW which incorporates a uniquely construce
ted reinforcement for ablative plastics. The uniqueness of the material lies
primarily in the elimination of the need for interface bond lines between the
exposed material (gas side) and the insulative material (shell side). This is
done by mechanically weaving the two materials together prior to resin impreg-
nation and cure. The two sections are thus an integral part upon curing.
Begides giving a much stronger interlaminar integrity, fabrication set-up costs
are reduced in half. Secondary advantages which are built into the tape weave
permit attainability of high dimetral wrap ratios. This design was selected to
provide information relative to both the performance of a non~-conventional
reinforcement weave pattern and the interface integrity, and to provide broader
scope knowledge to the flerformance of ablative materiasls in an LFg/Nth blend
environment.

(U) Material properties used design of the full scale thrust chambers are
presented in Table IX. Thompsine Tape properties are reported in conjunction
with the design details.

¢. Chamber Design

(U) The basic design for all full scale units was an ablative or heat sink
design concept. The basic configuration is presented in Figure 70, the design
drawing for full scale unit S/N 1. The injector-thrust chamber interface was
designed to mate with AFRPL injector.

(U) The chambers were designed with an 8-inch inside diameter for a length
of approximately 9.3 inches. The throat diameter was 4.2 inches. The exit
diameter was T.42 inches. The throat convergence and exit cone half angles were
LO and 15 degrees respectively. A compound throat radius of curvature was em-
ployed to yleld a smooth contour transition at this location. Over=~-all thrust

chamber length was 19.5 inches,

(U) The three full scale thrust chamber designs are presented in Figures 70
through T2. Radial thermocouple positions are shown in each figure. Materials
are also presented in these figures,

(1) Full Scale Chamber S/N 1

(U) The details of the full scale unit S/N 1 design are shown in Figure TO.
The chamber liner material was a carbon cloth phenolic oriented 30 degrees to
the chamber centerline. The throat insert material was Carb-I-Tex 700 prepyro-
lyzed graphite cloth oriented perpendicular to the chamber centerline. The
nozzle exit cone material was carbon cloth phenolic oriented LO degrees to the
chamber centerline. A 0.25 inch thick carbon cloth phenolic insulation was
provided on the outside surface of the throat insert. Silica phenolic insula-
tion was provided between the chamber components and the steel shell.

. (U) A one-dimensional heat transfer analysis was conducted at the throat
location. The results of -this analysis are presented in Figure 73. For a 240
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second pulse, the maximum predicted temperature of the steel is less than 4OOFF.
Since 240 seconds was the maximum time for any run (including pulsing duty
cycles), the steel structure was predicted to maintain its lovw temperature charace
teristics. Also, after the first pulse the insulation char will reduce the heat
transfer to the steel. Pheanolic insulation was greater in the chamber than at

the throat locations, therefore, is deemed adequate for the proposed duty cycle.

(U) Thermal expansion of the throat insert was calculated for the mean
temperature of the Carb-I-Tex TOO insert at 240 seconds. Total axial expansion
of 0,04l inches was predicted. A total axial gap for thermal growth of 0.038
inches was provided in the design and is shown in Figure 70. A lap joint was
utilized between the two throat insert pieces. The carbon cloth exit cone was
designed to incorporate a mechanical retention at the aft end. Although
thermal expansion gaps were provided, the thrust chamber components were con-
servatively sized to carry all predicted thermal loading for the design with
no expansion gaps.

(U) Thermocouples locations are also shown in Figure 70. The approach was
to monitor temperatures at the throat location and two chamber locations. Ten
thermocouples including four tungsten/tungsten 26% rhenium and six chromel
alumel thermocouples were utilized.

(2) Full Scale Chamber S/N 2

(U) The basic thrust chamber configuration is presented in Figure Tl.
Thermocouple locations were selected to verify predicted heat transfer charac-
teristics and are shown. This design incorporated a pyrolytic graphite throat
insert similar to that employed in subscale unit S/N 4. However, 2o slightly
different technique was employed to heat sink the throat. The concially shaped
"a-b" planes were desighed so that a graphite heat sink located behind the
throat insert was utilized.

(U) During the fabrication of the throat insert, the a-b plane orienta=-
tion in the pyrolytic graphite was modified. The "2.b" planes of pyrolytic
graphite were conical near the inside surface of the throat and turn upstream
towards an axial orientation near the outside diameter of the part (see Figure
74). This configuration resulted from manufacturing considerations and did
not affect the over-all concept performance.

(U) The thrust chamber liner was a composite structure of CGW graphite
and carbon cloth. Carbon cloth was employed at the injector-thrust chamber
interface to minimize heat transfer to the injector.

(U) The thickness of the carbon cloth inlet was increased over that
employed in unit S/N 1 to accommodate erosion based on the test results of unit
S/N 1, a similar chamber inlet design. In unit S/N 1, the carbon cloth liner .
was almost entirely eroded in approximately 373 seconds of elapsed firing time.

(U) The CGW graphite chamber liner was designed in three pieces to mini-
mize the tendency to crack during test. §Split line gaps were provided to
accommodate thermal expansion of the chamber and throat components. These
. gaps were sized based upon the maximum expected mean temperature of each
graphite component at 240 seconds of elapsed firing time. For these

»
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calculations an allowable compressive stress of 9000 psi in the graphite com-
ponents was used as & design criteria. The gaps were filled with a low modulus
| 2 material compatible with the design criteria.

(U) The exit cone incorporated alternate carbon and graphite cloth seg-
ments to evaluate relative erosion resistance. Each segment was approximately
3/4 inches long.

(U) Silice phenolic insulation was used between chamber line components
and the steel shell. In areas where predicted insulator temperatures were in
excess of 3200°F (approximate melting temperature of silica), 8 thin layer of
carbon cloth phenolic insulation was employed.

(U) One-dimensional heat transfer analyses were conducted at four loca-
tions in the thrust chamber. The location of the composite wall for each analy-
sis is presented in Figure 71 (denoted by Stations 1,72, 3, and L).

(U) The results of heat transfer analysis at Station 1, a chamber location,
are presenied in Figures 75 and 76. The analysis considers & total test time
of 240 seconds. Interface temperatures are deemed adequate for this design.

As shown, the silica insulation-steel shell interface is predicted to rise to
approximately 600°F at 240 seconds which is adequate structurally. The analy-
sis, however, does not consider the heat sink characteristics of the steel
shell and, therefore, is conservation. “

(U) The heat transfer analyses were run in the throat region to evaluate

) the heat sink characteristics of the pyrolytic graphite throat and CGW graphite
throat support. A one-dimensional heat transfer analysis was conducted at Sta-
tions 2, 3, and 4 (Figures 77 through 82 respectively). The run at Station 2
repregsents heat transfer from the throat in the high conductivity "a-b" plane
direction to the CGW heat sink. Stations 3 and 4 are heat transfer analyses in
the radial direction at the throat and downstream of the throat insert, The
predicted thermal gradients (at Stations 3 and 4, Figures 80 and 82) are almost
identical at times of 5, 60, 100 and 240 seconds. This implies that there will
be little iendency for axial heat conduction between these two stations. The
thermal gradient implies that heating of the CGW graphite structure becomes sig-
nificant at approximately 60 seconds. The axial gradient in the CGW between the
stations is quite small at a given radius for all times. Thus, the predicted
surface temperature of the pyrolytic throat as shown in Figures 77 and 79 should
be close to the actual temperatures and the heat sink characteristics of the
design will be redlized. Thermocouple locations were selected such that a com-
parison with predicted temperatures could be made.

(3) Full Scale Chamber S/N 3

(U) Full scale unit S<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>